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ABSTRACT 
 
As part of a multi-institutional study of seismic analysis, behavior, design and 
performance of the steel plate shear wall with coupling (SPSW-WC) system, an integrated 
analytical, numerical, and experimental study was conducted on a small-scale, three-story 
SPSW-WC specimen. The small-scale specimen’s design was based on the scaling down of one 
of the large-scale specimens that will be tested as part of the SPSW-WC program at the 
University of Illinois. The concepts of dimensional analysis and similitude were used to scale 
down the large-scale specimen. Analytical and numerical models were used to estimate the 
small-scale specimen’s ultimate strength and study its behavior under lateral loads. The 
experimental study consisted of a cyclic displacement loading test on the small-scale specimen. 
The system’s behavior was stable for much of the test, and the specimen was able to undergo 
large roof displacements. The analytical, numerical, and experimental results are presented and 
discussed.  
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1.2 Special Plate Shear Walls 
 
 The Special Plate Shear Wall (SPSW) is based on the SPW configuration with slender 
and unstiffened web plates. Moment-resisting connections between the boundary elements are 
used (Bruneau et al. 2005). Provisions for the design of SPSWs were introduced in the United 
States in the 2005 American Institute of Steel Construction (AISC) Seismic Provisions for 
Structural Steel Buildings and the 2005 American Society of Civil Engineers (ASCE) 7-05 
Minimum Design Loads for Buildings and Other Structures.  
 Before the 1980s, SPSW were designed for the limit state of out-of-plane buckling of the 
web plates (Bruneau et al. 2005). Thus, designers heavily stiffened the web plates, which caused 
the SPSW to lose its competitive cost relative to reinforced concrete shear walls (Bruneau et al. 
2005). However, SPSW research conducted in Canada during the 1980s and in the United States 
during the 1990s demonstrated the benefits to system strength, ductility, and energy dissipation 
resulting from the use of unstiffened and slender web plates (Bruneau et al. 2005). 
 
1.3 Benefits of Special Plate Shear Walls 
 
 SPSWs have several advantages compared to reinforced concrete shear walls and other 
steel lateral force resisting systems. The advantages are evident in required building floor-plan 
area, constructability, and cost (Bruneau and Sabelli 2006): 
 Compared to a reinforced concrete shear wall, SPSW maximizes the use of the floor-plan 
area because of its relatively smaller thickness.  
 SPSWs may help to significantly reduce a building’s weight and construction time 
relative to reinforced concrete shear walls. 
 Relative to steel braced frames, SPSWs can be designed to provide an equal amount of 
strength and stiffness, while using an amount of floor-plan area that is equivalent or less.  
 
SPSWs provide robust seismic performance under moderate and severe seismic loads due to 
their significant strength, stiffness, and ductility (Bruneau and Sabelli 2006):  
 The post-buckling strength resulting from tension field action in the web plates provides 
significant strength to the system.  
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edition of the AISC Seismic Provisions (AISC 2005) placed an upper limit of 2.5 on the L/h 
aspect ratio due to the lack of experimental data above L/h = 2.0, but this is no longer deemed 
necessary since economical designs will not be in this range.  Thus, adjacent SPSWs provide a 
natural opportunity to improve efficiency and performance by introducing coupling to create a 
SPSW-WC. Analytical and numerical studies (Borello and Fahnestock 2012a, 2012b) have 
shown that the SPSW-WC configuration reduces steel weight and seismic response when 
compared to a comparable pair of uncoupled walls. These initial results indicate the promise of 
the system and the potential for its relatively easy adoption and implementation.  
 Despite the evident benefits of the SPSW-WC system, few investigations of the system 
have been conducted. As discussed in Chapter 2, the only experimental studies of coupled 
SPSWs have been conducted by Zhao and Astaneh-Asl (2004), Lin et al. (2010), and Li et al. 
(2011). However, results from these tests are not applicable to SPSW-WC in general, so a 
comprehensive analytical, numerical and experimental study is warranted.   
      
1.5 Steel Plate Shear Wall with Coupling Research Program 
 
 To fill the current knowledge gap related to seismic analysis, behavior, design and 
performance of SPSW-WC, an integrated analytical, numerical and experimental research 
program is being conducted at the University of Illinois at Urbana-Champaign.  This project is 
part of a larger research project on SPSWs sponsored by the National Science Foundation 
through the George E. Brown, Jr. Network for Earthquake Engineering Simulation (NEES).  
A design procedure that is based on current code provisions for SPSWs has been 
developed and evaluated using nonlinear response history analysis (Borello and Fahnestock 
2011). To evaluate the design procedure, a total of fourteen building prototypes were designed 
(Borello and Fahnestock 2012b).  
For the SPSW-WC study, the prototype buildings were designed using capacity design 
procedures based on the current state-of-practice for SPSWs (Borello and Fahnestock 2012b). 
Numerical models were developed and validated, and they were used in static pushover analyses 
and earthquake response history analyses (Borello and Fahnestock 2012b). SPSW-WC behavior 
and the adequacy of the design procedure will be studied and evaluated through laboratory tests 
on two large-scale SPSW-WC specimens.  
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1.5.1 Large-Scale Experiments 
 
As part of the SPSW-WC study, laboratory tests will be conducted on two approximately 
half-scale (0.43 scale) specimens (Borello and Fahnestock 2011). The tests will be conducted in 
the NEES Multi-Axial Full Scale Sub-Structured Testing & Simulation (MUST-SIM) laboratory 
at the University of Illinois at Urbana-Champaign. One of the unique features of the MUST-SIM 
facility is the ability to subject large-scale structural systems or subassemblies to complex 
loading and deformation states (NEES @ Illinois 2013). This is possible because of the facility’s 
three loading and boundary condition boxes (LBCB). Each LBCB has six degrees of freedom 
(DOF) that may be controlled to apply complex load and boundary conditions on the specimen 
being tested (NEES @ Illinois 2013).  
 Both specimens are a three-story subassembly of a six-story prototype frame used for 
numerical studies (Borello and Fahnestock 2011). To prevent the LBCBs from constraining the 
top CB, it was omitted from the specimen designs (Borello and Fahnestock 2011). Of the two 
SPSW-WC specimens that will be tested, one has flexural yielding dominated CBs (FLEX) and 
the other has intermediate flexural/shear yielding dominated CBs (INT). Each specimen is 
approximately 20 ft. in height. For the second and third stories of each specimen, the pier width 
and height are 4 ft.–9 in. and 5 ft.–7 in., respectively. The pier width and height of the first story 
are 4 ft.-9 in. and 7 ft.-9 in., respectively, for both specimens.  
During each test, each pier of the SPSW-WC will be loaded by an LBCB. The IVBE and 
EVBE base plates and the bottom HBE will be bolted into a plate that will be pretensioned to the 
facility’s strong floor (Borello and Fahnestock 2011). The IVBE and EVBE top plates and the 
HBE in each pier will connect to steel adapter plates, which will connect to the LBCBs. To brace 
the system against global out-of-plane instability and represent the story bracing in an actual 
building provided by the lateral force resisting system running perpendicular to the SPSW-WC, a 
bracing system was designed to brace the specimens at the second and third story beam-to-
column connections. Figure 1.4 shows the experimental set-up.     
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algorithms for the large scale tests, and to study the basic mechanisms of coupled wall behavior. 
This small-scale testing is the focus of this thesis. 
 
1.6 Thesis Organization 
 
  This thesis describes the small-scale SPSW-WC analytical, numerical, and experimental 
models and results used to help provide an understanding of the mechanics of the proposed 
structural system under seismic loads. The following is a summary of the topics discussed in 
each chapter: 
 Chapter 1: An overview of the conventional SPW and SPSW is provided. The reasons for 
investigating the behavior of SPSW-WC are discussed. In addition, the advantages of the 
SPSW-WC as compared to the SPSW are highlighted. Finally, an overview is given of 
the research program at the University of Illinois at Urbana-Champaign that is focused on 
understanding SPSW-WC behavior under seismic loads. 
 Chapter 2: A review of experimental studies of small- and large-scale SPW, SPSW, and 
coupled SPSW specimens is provided. The existing literature on SPSW-WC analytical 
and numerical studies is also reviewed.  
 Chapter 3: The design of the small-scale SPSW-WC specimen is discussed, including the 
process through which the large-scale FLEX specimen was scaled down. 
 Chapter 4: An analytical model to determine the small-scale specimen’s plastic strength 
is discussed. Flexural buckling capacities of the EVBEs and IVBEs are presented. 
Numerical models of the small-scale specimen developed in SAP2000 and the Open 
System for Earthquake Engineering Simulation (OpenSees) are also presented. Analytical 
and numerical results are presented and discussed. 
 Chapter 5: The experimental set-up and data collection plan for the test on the small-scale 
specimen is discussed. 
 Chapter 6:  Experimental results are presented, discussed and compared to analytical and 
numerical results.  
 Chapter 7:  The research is summarized and conclusions regarding the results are made.  
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CHAPTER 2 
LITERATURE REVIEW 
 
 This chapter provides selected background on previous experiments on small- and large-
scale steel plate shear wall (SPW), special plate shear wall (SPSW), and coupled SPSW 
specimens. The small scale experiments are chosen to show that prior tests have helped to 
demonstrate the benefits of SPW and SPSW configurations, although no attempt has been made 
to conduct tests on a small-scale SPSW-WC specimen. Discussion of tests on large-scale SPSW 
and coupled SPSW configurations is provided to present the beneficial structural characteristics 
of these systems and highlight the need for further experimental investigations of SPSW-WC. 
 
2.1 Previous Small-Scale Experiments on Steel Plate Shear Walls 
 
 During the early development of the SPW system, experiments were conducted on small-
scale specimens to understand the system’s behavior under lateral seismic loads. These tests 
provided invaluable insight into the strength, stiffness, ductility, and energy dissipation of the 
SPW. 
 Roberts and Ghomi (1991) conducted quasi-static cyclic load tests on six small-scale 
unstiffened plate shear panel specimens to determine their seismic performance. Three of the 
panels had a length of 300 mm (11.8 in.), and the other three panels were 450 mm (17.7 in.) 
long. All panels had a height of 300 mm (11.8 in.). Aluminum and steel panels were tested. The 
aluminum panels were 0.54 mm (0.0213 in.) thick, and the steel panels had thicknesses of 0.83 
mm (0.033 in.) and 1.23 mm (0.0484 in.). All panels were subjected to a minimum of four load 
cycles. Experimental results showed that all the more slender panels provided good energy 
dissipation and ductility. The steel panels provided greater strength and dissipated more energy 
than the aluminum panels. These tests demonstrated the high ductility and energy dissipation 
capacity of slender and unstiffened steel web plates under cyclic lateral earthquake loads.  
 In a study by Caccese et al. (1993), the effects of web plate thickness and the stiffness of 
HBE-to-VBE connections on the seismic behavior of unstiffened thin SPW were studied. Cyclic 
tests were conducted on six 1:4 scale specimens: a moment resisting frame (MRF), three SPWs 
with moment-resisting HBE-to-VBE connections and different plate thicknesses, and two SPWs 
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with shear HBE-to-VBE connections and web plates with different thicknesses. The three-story 
SPW specimens had a bay width of 4 ft.–1 in. and a height of 9 ft.-5 in. The moment connection 
was made by fillet welding the complete HBE section to the VBE. The shear connection was 
made by fillet welding the web of the HBE to the VBE. All web plates were continuously welded 
to the flanges of the VBEs and HBEs. The different nominal web plate thicknesses that were 
studied were: 0.76 mm (0.0299 in.), 1.90 mm (0.0747 in.), and 2.66 mm (0.1046 in.). SPW 
specimens with the moment connections were fabricated with each of the web plate thicknesses, 
and the specimens with the shear connections were fabricated only with the first two web plate 
thicknesses. Cyclic displacements were applied to each specimen until a maximum top floor drift 
of two percent was achieved, and two displacement histories were applied to all specimens. If a 
specimen was not significantly damaged after the cyclic tests, it was pulled monotonically to the 
displacement limit of the load actuator. Results showed that the use of steel web plates in a 
moment-resisting frame significantly increased the system’s stiffness, strength, and ability to 
absorb and dissipate energy. Results also indicated that the use of slender web plates was 
beneficial to SPW seismic performance because the web plates yielded under tension field action 
much earlier than the development of plastic hinges in the VBEs. For these cases, the formation 
of plastic hinges in the VBEs governed strength instead of inelastic buckling of the VBEs. The 
latter was observed in the SPW with the thickest web plates. Thus, the SPW with slender web 
plates can fully benefit from the post-buckling strength developed through tension field action.        
 
2.2 Previous Large- and Full-Scale Experiments on Steel Plate Shear Walls, Special Plate 
Shear Walls and Coupled Special Plate Shear Walls 
 
 The first test on a large-scale multi-story SPW with slender and unstiffened web plates 
was conducted by Driver et al. (1998). The specimen that was tested was a four-story SPW with 
one bay, slender and unstiffened web plates, and moment-resisting connections between the 
boundary elements. The specimen’s height and width were 7.4 m (approximately 24 ft.) and 3.4 
m (approximately 11 ft.), respectively. Panel aspect ratios for the first to fourth stories were 0.59, 
0.56, 0.56, and 0.48, respectively. The main goals of the investigation were to understand the 
behavior of individual elements and connections, and to understand the global system behavior 
in relation to energy dissipation and the contribution of the moment-resisting connections to 
11 
 
seismic performance. Gravity loads were applied to the top of each column for the duration of 
the test and lateral loads were applied at each floor level. A gradually increasing displacement 
loading history of 30 cycles was used. Test results indicated that the web plates helped the 
specimen to behave in a highly ductile manner, and provided significant strength through post-
buckling tension-field action. The moment-resisting connections increased the amount of energy 
dissipated by the system. Additionally, uniform hysteresis loops indicated the very stable 
performance of the specimen throughout the test, and the use of web plates and moment-resisting 
connections provided redundancy to the specimen. Thus, it was concluded that this SPW 
configuration would perform robustly during an earthquake.   
 Zhao and Astaneh-Asl (2004) studied the seismic behavior of a coupled SPSW. The 
system that was studied was a pair of SPSWs connected at the floor levels by CBs, and the 
external VBEs were large concrete-filled tubes (CFT) with a diameter of 610 mm (2 ft.) and a 
thickness of 8 mm (5/16 in.). The system was designed by Magnusson Klemencic Associates for 
one of its building projects. Two half-scale specimens were fabricated and tested: a sub-assembly 
consisting of two floors of the prototype building, and a sub-assembly consisting of three floors 
of the building. The height of the web plates differed between both specimens. Taking advantage 
of the system’s symmetry about its vertical center line, each specimen represented half of the 
actual system, and a roller was placed at the end of each CB to simulate boundary conditions in 
the actual structure. The HBEs were continuous through the internal VBE, and the HBE top and 
bottom flanges were welded to the internal VBE with full-penetration welds. The extensions of 
the HBEs past the internal VBE functioned as the CBs. The web plates in the two-story specimen 
had a thickness of 6 mm (1/4 in.), and the web plates in the three story specimen were 10 mm 
(3/8 in.) thick. The connections between the HBEs and the CFT were moment-resisting 
connections consisting of four deformed steel reinforcing bars fillet welded onto each HBE 
flange. The bars were embedded into the CFT to increase the system’s ductility. During testing, 
an actuator was used to apply cyclic shear forces to the top of the specimens. The CFT columns 
in both specimens remained mainly elastic throughout the tests, with very little yielding 
observed. Each specimen achieved a maximum overall drift of 0.032, with maximum story drifts 
reaching values above 0.05. Also, neither specimen experienced a significant decrease in 
strength at large story drifts. Thus, adequate ductile behavior and energy dissipation were 
observed in the HBEs, web plates, and internal VBEs of the specimens. Failure initiated in both 
12 
 
specimens when the top CB completely fractured at the face of the internal VBE. However, these 
positive results are limited to the particular configuration that was tested and cannot be extended 
to understand the seismic behavior of SPSW-WC whose external VBEs are wide flange 
structural shapes and not CFTs. For a SPSW-WC, the seismic behavior and formation of the 
plastic mechanism is expected to be different. Moreover, in this study, only half of the actual 
sub-assembly in the structure was represented by each specimen under the assumption of 
symmetric system behavior. Tests on large-scale specimens that represent a complete sub-
assembly are necessary to achieve a better understanding of global system seismic behavior.                 
In a research program at the National Center for Research on Earthquake Engineering 
(NCREE) in 2007, Li et al. (2011) conducted cyclic tests on four full-scale narrow SPSWs to 
verify a proposed VBE capacity design methodology that limits the formation of the plastic 
hinge to the VBE base. The panel aspect ratios of these specimens are similar to the ratios of the 
first story panels of the SPSW-WC piers to be tested at the University of Illinois. The two story 
specimens were narrow SPSWs 2.14 m (7 ft.-1/4 in.) wide and 6.5 m (21 ft.-4 in.) tall. All of the 
web plates had a thickness of 2.6 mm (0.10 in.), and their aspect ratios met the requirement of 
the 2005 AISC Seismic Provisions. The VBE-to-HBE connections were all designed as welded 
moment connections. Three of the four specimens are discussed: specimens N and S were 
unstiffened SPSWs, and RS was the same as S but had two restrainers at each story on both sides 
of the web plates. Specimen N’s design followed the proposed VBE design methodology. The 
HBEs and VBEs in specimen S were lighter than those in the other specimens, and the VBE 
design did not meet the requirements of the proposed design method. Although the final 
structural shapes chosen for specimen RS were the same as those in specimen S, specimen RS 
was fitted with restrainers on both sides of the web plates on each floor level to reduce the 
diagonal tension field’s pull-in forces on the VBEs and HBEs. Hence, specimen RS satisfied the 
design criteria of the proposed VBE design method. The SPSW specimens were cyclically tested 
up to a roof drift of five percent. Results confirmed the predicted plastic hinge locations in the 
VBEs and demonstrated the adequate ductility of the SPSW system. As predicted, in the N and 
RS specimens, plastic hinges in the VBEs developed at the bases. In specimen S, it was observed 
that plastic hinges due to compressive loads on the VBEs developed away from the VBE ends. 
The results validated the proposed VBE design method, and demonstrated that SPSWs designed 
according to the methodology displayed adequate ductility and strength. Despite specimen S 
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developing a plastic hinge within the height of each VBE, it demonstrated adequate ductility and 
strength. This indicated that a more efficient SPSW design may be achieved by using lighter 
VBEs and HBEs. These results help to motivate SPSW-WC research, as the SPSW-WC 
configuration enables the use of lighter boundary elements compared to a conventional SPSW.         
 Li et al. (2011) also conducted tests on a reduced scale coupled steel plate shear wall (C-
SPSW). Initially, a prototype six-story C-SPSW was designed based on the 2005 AISC Seismic 
Provisions and AISC Specification for Structural Steel Buildings. The bottom VBE of the system 
was designed based on a proposed column design methodology in which the plastic hinge is 
allowed to develop within the bottom quarter height of the VBE. As seen in the results of tests by 
Li et al. (2011) on specimen S described above, a VBE design in which plastic hinge formation 
is not restricted to the VBE base allows lighter VBEs to be used and results in a more 
economical system. The CBs in the C-SPSW were designed as eccentrically braced frame shear 
links. The specimen that was tested at NCREE was a 40% scale model of the bottom two and a 
half stories of the prototype C-SPSW. The specimen’s web plates were 3.5 mm (0.14 in.) thick. 
A Reduced Beam Section (RBS) was used at the HBE ends, and the CB webs were stiffened to 
help meet rotational demands. To simulate the effects of the upper stories of the C-SPSW acting 
on the specimen, the specimen was subjected to cyclic lateral forces, cyclic overturning 
moments, and a constant gravity load. Roof drifts up to five percent were studied. Experimental 
results demonstrated the specimen’s significant ductility and ability to dissipate energy. Because 
of the system’s high ductility, there was no significant reduction in strength when five percent 
roof drift was applied. The plastic mechanism that developed in the C-SPSW consisted of shear 
hinges in the CBs, flexural hinges at the HBE ends, and flexural hinges at the VBE ends near the 
base. An interesting observation was that the plastic hinge in the external VBEs was wider and 
higher than the hinge in the inner VBEs. This difference may be explained by the fact that the 
axial demand (imposed by the HBE vertical end reaction and vertical component of web plate 
tension field) in the inner VBEs was less than in the external VBEs because the vertical end 
reactions in the CBs helped to counteract the axial demand in the inner VBEs (Li et al. 2011). 
Because of this, and based on the interaction between axial load and bending moment in the 
VBEs, the higher axial load in the external VBEs resulted in a relatively low flexural strength 
compared to that of the internal VBEs. The tests on different SPSW configurations conducted by 
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Li et al. (2011) demonstrated that using a more relaxed VBE design methodology would allow a 
SPSW and C-SPSW to be economical and perform adequately under lateral seismic loads. 
In an experimental study conducted by Lin et al. (2010) at NCREE, a full-scale SPSW 
specimen was tested under pseudo-dynamic loads. This investigation involved two phases, and it 
was conducted to further demonstrate the efficiency and robustness of SPSWs under seismic 
loads. The full-scale specimen was designed using a capacity-based methodology wherein the 
web plates over the story height are assumed to yield due to tension-field action, and the VBEs 
and HBEs are designed to resist the demand imposed by yielding of the web plates.  The 
specimen had a height of 8 m (26 ft.-3 in.) and a width of 4 m (13 ft.-1½ in.). The first and 
second story web plates had a thickness of 3 mm (0.1 in.) and 2 mm (0.08 in.), respectively. 
Concrete slabs were placed at both floor levels. In the Phase I tests, three horizontal restrainers 
on each side of both web plates were used to reduce out-of-plane displacement of the web plates 
due to shear buckling, and to minimize the buckling sound. The pseudo-dynamic loads were 
based on three ground accelerations recorded during the 1999 Chi-Chi earthquake in Taiwan, 
scaled to represent seismic hazards of 2%, 10%, and 50% probabilities of exceedance in fifty 
years. For Phase I, a total of four tests were conducted: ST (suspended test), Test 1, Test 2, and 
Test 3. Prior to Test 1, one side of the second floor concrete slab experienced significant 
cracking, and significant buckling was observed in the web plates of both stories. Hence, the test 
was suspended (ST) until the concrete slab was repaired. To study the performance of the SPSW 
with significantly buckled web plates, the same ground motion used for test ST was subsequently 
used for Test 1. Tests 1 through 5 were completed with only a fifteen second period of zero 
ground acceleration between each test. This was done to capture the effect of existing web plate 
buckling on the nonlinear behavior of the SPSW. For the Phase II tests, the damaged web plates 
were replaced and no restrainers were used.  
 At the completion of the Phase 1 tests, it was observed that the VBEs and HBEs had not 
fractured, and that the web plates on both stories had significantly buckled and cracked. The web 
plate restrainers did not yield or fracture, and served their purpose in the Phase I tests because 
smaller out-of-plane displacements of the web plates due to buckling and lower buckling sounds 
were noticed during the Phase I tests than during the Phase II tests. Phase I results from the 
application of the ground acceleration from the 2% probability of exceedance in fifty years event 
(the most severe event of the three that were studied) demonstrated the significant energy-
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dissipation capacity of SPSWs. Another interesting observation was that the maximum inter-
story drift in Test 1 was significantly greater than the maximum drift observed for the ST test, 
but the cumulative energy dissipated by the SPSW during the ST test was significantly greater 
than that for Test 1. This discrepancy is explained by the fact that once the web plates buckled 
during the ST test, tension field action developed. Because the test was suspended and then 
restarted (Test1), much larger inter-story drifts had to be imposed on the SPSW to further stress 
the buckled web plate and re-activate tension field action (Lin et al. 2010). Hence, during an 
aftershock, a SPSW with buckled web plates will further benefit from the post-buckling strength 
provided by tension field action if the SPSW experiences greater story drifts than it did during 
the main earthquake (Lin et al. 2010).  
 
2.3 Knowledge Gap that Motivates SPSW-WC Research 
 
 Although past research has demonstrated the significant robustness, ductility, and energy 
dissipation of the SPSW system, some drawbacks of the system remain to be solved. Some of the 
main reasons for the limited used of SPSWs are (Berman et al. 2008):  
 Conventional SPSWs have large column dimensions that increase the wall thickness and 
cost 
 The lack of understanding of SPSW behavior under lateral loads has resulted in 
conservative design provisions that further decrease the system’s competitive advantage  
 The low flexural stiffness of SPSWs relative to reinforced concrete shear walls makes 
SPSWs challenging to use in high-rise buildings 
 
The challenge faced in the design of the VBEs is the relatively high axial demands that 
are imposed on them due to the vertical reactions at the HBE ends, the vertical component of the 
web plate tension field action, and resistance to overturning moment. The VBE axial load arising 
from resistance to overturning moment can be significantly large for multi-story SPSWs 
(Berman et al. 2008). These large column demands may result in poor system performance and 
failure of the VBEs under lateral seismic loads, so inevitably the column design requirements 
currently available for SPSWs are conservative (Berman et al. 2008). In a VBE design procedure 
proposed by Berman and Bruneau (2008), it is assumed that there is uniform yielding of the web 
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plates along the height of the SPSW and that all HBEs have developed plastic hinges at their 
ends before any yielding occurs in the VBEs. These assumptions are conservative, especially the 
assumption of uniform web plate yielding in mid-to-high rise SPSWs (Berman et al. 2008). As a 
result, the axial force demands estimated for the VBEs may be large, causing the designer to use 
inefficient structural members for the VBEs. The coupling mechanism in a SPSW-WC system 
may provide a solution to this problem. The CBs help to decrease axial load demands on the 
VBEs in two ways. First, CBs further promote frame action of the system, causing the web plates 
to resist a smaller portion of the applied lateral load. Thus, thinner web plates may be used, 
leading to a reduction of the axial demand on the VBEs. Secondly, the vertical end reactions in 
the CBs counteract the axial demands from the tension field and HBE vertical end reactions, 
causing a reduction in the axial demand on the internal VBEs. These benefits of the SPSW-WC 
warrant further research of this efficient and economical system. Additionally, more research is 
needed to better understand the progression of yielding in the system 
Improvements must also be made in the flexural stiffness of the SPSW system. In mid-to-
high rise buildings, the relatively low flexural stiffness of SPSWs (compared to reinforced 
concrete shear walls) is an impediment to the widespread use of the system (Berman et al. 2008). 
Because only the VBEs in a SPSW are active in resisting overturning moment, the system is very 
flexible in loading cases where flexure governs over shear (Berman et al. 2008). The use of CBs 
in a SPSW-WC may provide adequate flexural stiffness in mid-to-high rise building applications, 
but there is a lack of an adequate method for designing CBs (Berman et al. 2008). Thus, more 
research focused on the SPSW-WC is necessary to better understand how the coupling 
mechanism affects the system’s flexural stiffness, and to develop an adequate design 
methodology for the CBs.  
 
2.4 Steel Plate Shear Wall with Coupling: Behavior under Lateral Seismic Loads  
 
 The need for more research to develop a more economical, robust, and efficient SPSW 
configuration has led to interest in the SPSW-WC system. Numerical simulations by Borello and 
Fahnestock (2012b) have demonstrated the robust seismic performance, architectural flexibility, 
and material efficiency of a SPSW-WC. In this study, fourteen prototype buildings were 
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designed and analyzed using static pushover and response-history analysis to verify the adequacy 
of the capacity-based design methodology.  
The existing SPSW design requirements contained in the AISC Seismic Provisions state 
that the HBEs and VBEs shall be designed to remain elastic within their spans when the web 
plates have fully yielded under tension field action (AISC 2010). Plastic hinging is allowed at the 
ends of the HBEs in order to develop the plastic collapse mechanism, and hinging at the mid-
span of the HBEs is not allowed because it may prevent full web plate yielding (AISC 2010). 
These capacity-based design provisions were adopted for the SPSW-WC (Borello and 
Fahnestock 2012b).  
The use of CBs in addition to moment-resisting connections between boundary elements 
provides increased frame action, reducing the portion of the applied lateral force resisted by the 
web plates. Hence, thinner web plates may be used than what is possible in a SPSW. Because the 
required HBE strength is a function of web plate thickness, the use of thin web plates allows for 
the proportioning of lighter HBEs (Borello and Fahnestock 2012b). The axial demands in the 
VBEs of a SPSW-WC are generated by the vertical component of the web plate yielding and the 
vertical reaction of the HBEs (consists of the shear required to form plastic hinges in the HBE 
and the vertical component of the imbalance between the yielding of web plates above and below 
the HBE) (Borello and Fahnestock 2012b). Because in a SPSW-WC the web plates are thinner 
and the HBEs are relatively light, the axial demands on the VBEs are reduced relative to those on 
the VBEs of a SPSW (Borello and Fahnestock 2012b). The shear in the CBs that generates 
flexural or shear plastic hinges in the element’s ends (occurring after the web plates yield under 
tension field action), counteracts the aforementioned axial demands on the internal VBEs of a 
SPSW-WC (Borello and Fahnestock 2012b). Consequently, material savings are achieved and 
the system is more efficient than a SPSW.  
The CBs introduce another mechanism that helps to resist overturning moment. This 
mechanism is MCOUP, the couple formed by equal and opposite vertical pier forces (Borello and 
Fahnestock 2012b). As in a SPSW, the other mechanisms helping to resist overturning moment 
are the flexural strength of the external and internal VBEs (MEVBE and MIVBE, respectively) and 
each pier (MPIER) (Borello and Fahnestock 2012b). These flexural strengths are used to define the 
system’s Degree of Coupling (DC), a metric for quantifying the interaction between the coupled 
piers (Borello and Fahnestock 2012a; Canadian Standards Association 1994; Harries et al. 2004): 
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ܦܥ ൌ 	 ெ಴ೀೆುெ೅ೀ೅ಲಽ ൌ 	
ெ಴ೀೆು
∑ெೇಳಶା∑ெು಺ಶೃା∑ெ಴ೀೆು																																									                                              (2.1) 
 
As equation 2.1 shows, the DC is the proportion of the total overturning moment on a SPSW-
WC that is resisted by MCOUP. Because the DC is a function of the relative flexural strength of 
the VBEs, piers, and CBs, it will change as the SPSW-WC is loaded and yielding progresses 
throughout the system (Borello and Fahnestock 2012a).    
Borello and Fahnestock (2012b) designed six-story and twelve-story prototype buildings 
based on a SAC five-bay square building floor plan. The seismic behavior of four SPSW 
configurations was studied: a single planar SPSW, a SPSW-WC with intermediate flexural/shear 
yielding dominated CBs (INT model), a SPSW-WC with flexural yielding dominated CBs 
(FLEX model), and a pair of uncoupled SPSWs (Borello and Fahnestock 2012b). On each floor 
of the FLEX model, the CBs were the same size as the corresponding HBEs (Borello and 
Fahnestock 2012b). In the INT model, the CBs were proportioned to have twice the plastic 
moment strength of the corresponding HBEs at each floor level (Borello and Fahnestock 2012b). 
The INT model had a higher DC than the FLEX model. The FLEX and INT classification for 
CBs was based on the AISC Seismic Provisions classification for eccentrically braced frame links 
(Borello and Fahnestock 2012b). Eight six-story building prototypes were designed with the four 
different configurations, and six twelve-story building prototypes were designed with the first 
three configurations. It was observed that for all building prototypes, the VBEs were the largest 
contributor to the weight of the SPSW configurations, and material efficiency increased with the 
degree of coupling.  
Results from the static pushover analyses indicated that the yield strength of the SPSW 
configurations increased with the degree of coupling. As expected, results also demonstrated 
changes in the DC of each system based on the pattern of yielding. A decrease in the DC 
indicated that the CBs yielded before the piers. An increase in DC indicated that the piers yielded 
before the CBs, causing MCOUP to resist a larger part of the applied lateral load relative to the 
other mechanisms for resisting overturning moment.  
From the results of the response history analysis based on a seismic hazard level of 10% 
probability of exceedance in 50 years, it is clear that SPSW-WC behavior in terms of story drift 
is similar to or better compared to the uncoupled configuration (Borello and Fahnestock 2012b). 
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It was also observed that the SPSW-WC configurations generally experienced smaller mean 
maximum story drifts than the single planar SPSW configurations. In general, the SPSW-WC 
configurations were within the two percent design story drift limit. The only exceptions were the 
mean maximum drifts experienced by the top stories, which exceeded the drift limit by only as 
much as 20%.  
 The results of these numerical simulations demonstrate the efficiency, and significant 
strength and stiffness of the SPSW-WC configuration. They also highlight the need to conduct 
experiments on large-scale SPSW-WC specimens to further verify the numerical models and 
develop a better understanding of the system’s seismic behavior.   
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CHAPTER 3 
SMALL-SCALE SPECIMEN DESIGN 
 
 To provide predictions of the behavior of the large-scale SPSW-WC specimens that will 
be tested in the MUST-SIM facility at the University of Illinois at Urbana-Champaign, and 
validate the control algorithm and loading protocol that will be used during the large scale tests, 
a small-scale SPSW-WC specimen was designed, built, and tested. The design process began 
with the application of dimensional analysis and similitude concepts to scale down the two large-
scale specimens’ structural members. The two large-scale SPSW-WC specimens were the system 
with flexural yielding dominated CBs (FLEX) and the system with intermediate CBs (INT), 
which have combined flexural/shear yielding in the CBs. The small-scale model approximately 
represented the large-scale FLEX specimen, within the constraints of available section and plate 
sizes. The small-scale specimen was fabricated in the Civil and Environmental Engineering 
Machine Shop at the University of Illinois at Urbana-Champaign.     
 
3.1 Dimensional Analysis  
 
 The design of the small-scale specimen began with the use of dimensional analysis and 
the application of similitude to scale down the large-scale specimens. The theoretical framework 
for the use of dimensional analysis is provided by the Buckingham pi theorem, which states that 
a dimensionally homogeneous equation can be reduced to a relationship among independent 
dimensionless products of variables (pi terms) (Munson et al. 2006). Following this framework, 
pi terms including the variables describing the geometry and material properties of the SPSW-
WC were created based on the variables’ common basic dimensions. The basic dimensions used 
in the specimen’s design were force (F), length (L), and time (T). Using similitude between the 
large-scale and small-scale models, scale factors for the variables of interest were developed 
using the pi terms. 
In the dimensional analysis, the IVBEs, EVBEs, HBEs, and CBs were analyzed 
separately from the web plate. This was done to differentiate between the variables related to the 
IVBE, EVBE, HBE, and CB, and those relevant to the web plate. The basic dimensions 
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associated with the IVBEs, EVBEs, HBEs, and CBs were F, L, and T. The basic dimensions 
associated with the web plate were F and L.  
Within the framework of the Buckingham pi theorem, pi terms required to scale down the 
large-scale IVBEs and EVBEs, HBEs, CBs, and web plates were created using the method of 
repeating variables. The essential steps involved in this method are (Munson et. al. 2006): 
 Listing all variables relevant to the geometry and material properties of the SPSW-WC 
 Expressing the variables in terms of their basic dimensions 
 Determining the required number of pi terms 
 Selecting a group of repeating variables (the number of repeating variables is equal to the 
number of basic dimensions). The repeating variables must be chosen such that when 
they are combined with the non-repeating variables, pi terms are formed. The group of 
repeating variables must contain the basic dimensions (F, L, and T for the boundary 
elements and CBs; F and L for the web plates). Additionally, each repeating variable 
must be dimensionally independent of the others in the group because this group cannot 
be a pi term. 
 Forming pi terms by multiplying each non-repeating variable by the product of the 
repeating variables (each repeating variable is raised to a power that makes the product 
dimensionless) 
 
The pi terms created for the IVBEs, EVBEs, HBEs, CBs, and web plate are presented in 
Appendix A. 
 
3.2 Similitude 
 
Using the pi terms, similitude between the large- and small-scale specimens was used to 
generate scale factors for each variable. Because the height of the large-scale model and the 
maximum allowable height for the small-scale SPSW-WC in the 1/5th scale MUST-SIM 
Laboratory were known, the height scale factor was predetermined. The height of the large-scale 
specimen was approximately 20 ft., and the small-scale specimen’s height in the small-scale 
MUST-SIM facility was limited to a maximum of 3 ft. – 2 ½ in. Consequently, the height scale 
factor is prescribed to 0.150. Similarly, the Young’s Modulus of the material used in the large- 
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and small-scale specimens was known, so the scale factor for the Young’s Modulus was 
predetermined as well. All of the scale factors (SF) are listed in Appendix B. The scale factors 
were used to calculate a target value for each variable: 
 
ܶܽݎ݃݁ݐ	ܸ݈ܽݑ݁ ൌ ܵܨ ൈ ሺܮܽݎ݃݁ െ ݏ݈ܿܽ݁	ݒ݈ܽݑ݁	݋݂	ݐ݄݁	ݒܽݎܾ݈݅ܽ݁ሻ                                          (3.1) 
 
Sections for the IVBEs and EVBEs were chosen from the 13th Edition AISC Steel Construction 
Manual (AISC 2008) (referred to as AISC Manual in the following text) with property values 
that closely matched the associated target values. To quantify how well a given property value 
matched a target value, the percent error was calculated: 
 
ܲ݁ݎܿ݁݊ݐ	ܧݎݎ݋ݎ ൌ ሺ஺ூௌ஼	௏௔௟௨௘ሻି்௔௥௚௘௧	௏௔௟௨௘்௔௥௚௘௧	௏௔௟௨௘ ൈ 100                                                                    (3.2) 
 
A positive error indicated a small-scale section property that was greater than the target value, 
and a negative error indicated a section property that was less than the target value. The small-
scale design was based on the large-scale FLEX specimen because the percent error associated 
with the cross-sectional areas of the IVBEs and EVBEs was less than for the INT specimen. The 
cross-sectional area is an important geometric property because of the significant axial demands 
expected in the IVBEs and EVBEs of the large-scale specimen. 
 
3.3 IVBE and EVBE Design 
 
In the large-scale FLEX specimen, the EVBEs were W8x58 sections and the IVBEs were 
W8x48 sections (Figure 3.1). The two important properties that determined the sections that 
were used in the small-scale specimen were the sections’ cross-sectional area, A, and moment of 
inertia, I, about the axis of bending. For the small-scale specimen, the axis of bending was about 
the section’s weak-axis, so Iy was used. These properties were the most relevant in the selection 
of small-scale IVBE and EVBE sections because of the significant axial forces experienced by 
the members, and the pull-in forces that these elements are subjected to due to tension field 
action after buckling of the web plates.  
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recalculated and Z was calculated. In the second option, d was based on the target Z. Thus, d was 
calculated using equation 3.3. With d rounded to the nearest 1/16 inch, Z was recalculated and I 
was calculated. The purpose of these procedures was to determine which set of cross-sectional 
dimensions provided a better approximation of the target I and Z.   
Tables 3.4 and 3.5 present the cross-sectional dimensions and percent errors associated 
with I and Z for the solid rectangular sections designed based on the target moment of inertia and 
target plastic section modulus, respectively.  
 
Table 3.4 Solid Rectangular Section for HBEs and CBs (Based on Target I)  
 Large-
Scale b (in.) d (in.) % Error, I % Error, Z 
HBE W6x12 1-3/8 1/2 27.8 120.8 
CB W6x12 1-3/8 1/2 27.8 120.8 
 
Table 3.5 Solid Rectangular Section for HBEs and CBs (Based on Target Z)  
 Large-
Scale b (in.) d (in.) % Error, I % Error, Z 
HBE W6x12 1-3/8 5/16 -68.7 -13.6 
CB W6x12 1-3/8 5/16 -68.7 -13.6 
 
 As can be observed in Tables 3.3 and 3.4, the moment of inertia and plastic section 
modulus of the built-up W-section and the solid rectangular section based on the target I were 
above the respective target values. It is observed in Table 3.5 that the moment of inertia and 
plastic section modulus of the solid rectangular section based on the target Z were below the 
respective target values. It should be noted that the capacity-based design methodology followed 
for the large-scale specimen accounted for the CBs and HBEs reaching their plastic moment 
capacities at their ends and developing plastic hinges in these regions. Consequently, it was 
important for the plastic section modulus of the small-scale HBEs and CBs to be close to their 
respective target values. Based on the percentage errors for the plastic section modulus presented 
in Tables 3.3, 3.4, and 3.5, the solid rectangular section based on designing for the target Z was 
chosen because of the relatively small error in Z.  
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were investigated. The following equation was used to determine the required number of 
horizontal rows of perforations in the web plate (AISC 2010): 
 
ݐ௘௙௙ ൌ
ଵିഏరቆ
ವ
ೄ೏೔ೌ೒ቇ
ଵିഏరቆ
ವ
ೄ೏೔ೌ೒ቇቀଵି
ಿೝವ౩౟౤ഀ
ಹ೎ ቁ
ݐ௪                                         (3.6) 
 
In equation 3.6, Hc is the clear column height between beam flanges, Nr is the number of 
horizontal rows of perforations, D is the hole diameter, Sdiag is the shortest center-to-center 
distance between the circular perforations, α is the angle (degrees) of the shortest center-to-
center lines in the perforation pattern measured from the vertical, teff is the effective web plate 
thickness, and tw is the web plate thickness. Because Sdiag must be at least 1.67D, Sdiag is 
prescribed as 1.67D (AISC 2010).  
For each story of the small-scale specimen, teff is prescribed as the scaled-down web plate 
thickness, and tw is prescribed as the large-scale plate thickness to maintain similitude. α was set 
equal to the angle of the brace measured from the vertical for each story. No suitable 
combination of D and Nr was found which resulted in the required teff. Thus, perforated plates 
were not a feasible option. 
 The final option that was studied was the use of braces to represent the web plates at each 
story of the small-scale specimen. For the design of the brace, the nominal shear strength, Vn, 
was calculated for each of the three large-scale web plates using the following equation proposed 
by Berman and Bruneau (2003): 
 
௡ܸ ൌ 0.5ܨ௬ݐ௪ܮ௖௙ sin 2ߙ                                  (3.7) 
 
where Fy is the yield strength of the web plate, Lcf is the clear distance between column flanges, 
and α is the angle of inclination of the principal tensile stresses (due to tension field action) in the 
web plate measured from the vertical. α was determined using the following equation developed 
by Timler and Kulak (1983): 
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CHAPTER 4 
ANALYTICAL AND NUMERICAL PREDICTIONS OF SPECIMEN CAPACITY 
 
 To complement the experimental investigation, analytical and numerical studies of the 
small-scale SPSW-WC were conducted. The analytical studies included a plastic analysis of the 
system and a determination of the buckling capacity of the IVBEs and EVBEs. The kinematic 
method of plastic analysis was used to determine the small-scale specimen’s ultimate strength. 
The IVBE and EVBE buckling capacity was determined following the column design provisions 
in the Specification for Structural Steel Buildings (AISC 2008). The numerical studies consisted 
of models of the specimen developed in SAP2000 and the Open System for Earthquake 
Engineering Simulation (OpenSees). SAP2000 is a structural analysis software package that is 
widely used in structural engineering design offices. OpenSees is an open source software for 
developing finite element models of structural systems and simulating the response of the models 
to seismic loads (OpenSees). In SAP2000 and OpenSees, nonlinear static pushover analyses 
were conducted to determine the small-scale specimen’s ultimate strength.  
 
4.1 Plastic Analysis by the Kinematic Method 
 
 Borello and Fahnestock (2012a) demonstrated that the kinematic method of plastic 
analysis is an adequate approach for determining the plastic strength of the SPSW-WC system. 
In the kinematic method, a plastic collapse mechanism for the system is assumed and the 
principle of virtual work is applied to determine the system’s ultimate strength. A plastic 
collapse mechanism develops when sufficient plastic hinges have formed in the system for it to 
become unstable.  As stated by the principle of virtual work, the total virtual work performed by 
forces external to the system is equated to the total virtual work performed by forces internal to 
the system. The specimen’s ultimate (base shear) strength was obtained using the kinematic 
method of plastic analysis. 
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the plastic hinges moving through a virtual rotation θ. Hence the internal virtual work, WIV, is 
expressed as: 
 
ூܹ௏ ൌ ൫8ܯ௣ு஻ாߠ൯ ൅ ൫4ܯ௣஼஻ߠ൯ ൅ ൫8ܯ௣௏஻ாߠ൯ ൅ ூܹ௏ି஻௥௔௖௘௦                               (4.2) 
 
Assuming small virtual displacements and rotations, the following relation is valid: 
 
ߠ ൎ ∆ு                                                                                                                                          (4.3) 
 
Here, H is the total height of the specimen (Figure 4.1). Substituting equation 4.3 into 4.1, the 
following relation is obtained: 
 
ாܹ௏ ൌ 	 ௡ܸߠܪ                                                                                             (4.4) 
 
 Only the horizontal component of the tension force in the effective brace (Py,x) at each 
story does work by going through the virtual displacement Δi (Figure 4.2). Py,x for each story i is 
determined using the following equation: 
 
൫ ௬ܲ,௫൯௜ ൌ ൫ܨ௬ܣ௚ sin ߚ൯௜                                                                                                              (4.5) 
 
In equation 4.5, Fy is the yield stress of the brace, Ag is the cross sectional area of the ½”-wide 
brace cross-section, and β is the angle between the brace centerline and the centerline of the 
VBE. Using trigonometry, the displacements Δi of each story were written in terms of θ and 
substituted into the expressions for the internal virtual work done by the horizontal component of 
the brace forces: 
 
∆௜ൌ ݄௜ߠ                                                                                                                                      (4.6)   
 
hi is the height of story i (Figure 4.1). 
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validate the use of plastic analysis and the assumed collapse mechanism for determining the 
ultimate strength of a SPSW-WC. The SAP2000 model provided an unconservative estimate of 
the small-scale specimen’s strength. This may be due to the fact that the use of fiber sections in 
the OpenSees model results in a relatively more accurate model because nonlinear behavior due 
to yielding is captured more accurately than by the point hinges in the SAP2000 model. As 
shown in Figure 4.10, yielding was observed in all of the braces. No significant strain hardening 
was observed in the braces because of the low strain-hardening ratio (0.0001) assigned to the 
brace material properties to capture the stress-strain behavior observed in the coupon tests (see 
Chapter 3, section 3.5). In Figure 4.10, Pier 1 refers to the pier on the left in Figure 4.7, and Pier 
2 refers to the pier on the right in the same figure.  
 
 
Figure 4.9 Pushover Curves for the Small-Scale Specimen 
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plots in the figure show the portions of the total story shear that was carried by the IVBEs and 
EVBEs due to frame action, and the portion that was carried by the braces. To calculate the story 
drifts, the story drifts of each IVBE and EVBE were recorded as part of the OpenSees simulation 
output. These drifts were averaged for each corresponding story to obtain the story drifts for the 
entire model. As can be observed in the figure, initially at each story, the braces resisted a greater 
portion of the total story shear than did frame action. As the braces yielded and they could no 
longer carry any additional load, the portion of the total story shear resisted by frame action 
increased relative to the braces. The difference between the amount of shear resisted through 
frame action and the amount resisted by the braces decreased along the model’s height. This may 
be due to the decrease in the brace length along the specimen’s height and its effect on the 
sequence of yielding in the braces. It can be observed in the plots of Figure 4.13 that the story 
drifts at which the braces yielded increased along the model’s height. Thus at the second and 
third stories, the braces were able to continue to resist lateral load at relatively greater story drifts 
compared to the first story after the first story braces yield.  Because this behavior was more 
significant in the model’s upper stories, the braces and frame action shared nearly equal amounts 
of the story shear at the upper stories, especially at the third story. Additionally, on the third 
story, it is observed that at drift levels between about 0.25% and 0.4%, the portion of the story 
shear resisted by frame action was relatively constant, while the portion resisted by the braces 
increased. Once the braces on this story yielded, frame action began to resist the additional story 
shear that could no longer be resisted by the yielded braces. 
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Figure 4.11 Moment vs. Plastic Rotation at the Plastic Hinge Regions of the HBEs 
 
 
Figure 4.12 Moment vs. Plastic Rotation at the Plastic Hinge Regions of the CBs 
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(a) 
 
 
(b) 
Figure 4.13 Story Shear vs. Story Drift: (a) Story 1, (b) Story 2, and (c) Story 3  
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(c) 
Figure 4.13 (Cont.) 
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A fixed camera was used to capture images of the specimen during testing. The camera 
was configured to take a picture at the end of each completed step. To obtain closer images of 
any damage, a second camera was used to capture images at the peak displacements as well as 
zero displacement positions.  
 The loading protocol consisted of gradually increasing cycles of lateral displacements in 
the x-direction of the LBCB boxes (Figures 5.10, 5.3). Figure 5.11 shows the roof drift cycles of 
0.1%, 0.25%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 3.5%, 4.0%, 4.5%, and 5.0% that were 
imposed on the specimen. Each cycle was repeated twice up to the 5.0% cycle. The 5.0% cycle 
was repeated three times until an actuator displacement limit was reached and the specimen had 
experienced significant strength deterioration.  
 
 
Figure 5.10 Displacement Loading History 
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Figure 5.11 Roof Drift Loading History 
 
The control algorithm developed by Daniel J. Borello (personal communication, April 6, 2013) 
commanded x-displacements and measured the lateral force Fx that was required to achieve the 
displacement target. The measured Fx was used to calculate the global overturning moment 
imposed on the specimen and the local moment imposed on each pier (MPier). The control 
algorithm was based on making a cut just below the top floor of the third story in the six-story 
SPSW-WC prototype that the large-scale specimen designs are based on, and on the assumption 
that the local moment in each pier is equal (Daniel J. Borello, personal communication, April 24, 
2013). A distributed lateral load that took into account the inelastic behavior of the structure was 
applied, and the total overturning moment applied on the bottom three stories of the structure 
was due to the resultant of the portion of the distributed lateral load above the cut acting at an 
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effective height, ത݄,  from the cut. At the cut, the coupling mechanism for resisting a portion of 
the global overturning moment was formed by the axial forces in the piers, so the degree of 
coupling (DC) was calculated using the following: 
 
ܦܥ ൌ 	௉ሺ௘ା௅ሻெ೅೚೟ೌ೗                                                                                                                            (5.1) 
 
ܯ்௢௧௔௟ ൌ ത݄ܨ௫                                                                                                                              (5.2) 
 
In the above equations, P is the axial force in a pier, e is the length of the CBs, L is the bay 
width,  ത݄ is the effective height above the cut, and V is the resultant of the portion of the lateral 
force distribution above the cut. Combining equations 5.1 and 5.2 and solving for P gives: 
 
ܲ ൌ ௛ഥிೣ ൈ஽஼௘ା௅                                                                                                                               (5.3) 
 
To determine the value of MPier, it was known that the total resisting moment at the cut consisted 
of MPier for each pier and the moment (P(e+L)) due to the coupling mechanism: 
 
ܯ்௢௧௔௟ ൌ 2ܯ௉௜௘௥ ൅ ܲሺ݁ ൅ ܮሻ ൌ 2ܯ௉௜௘௥ ൅ ܯ்௢௧௔௟ܦܥ                                                               (5.4) 
 
The final relation in equation 5.4 results after substituting equation 5.3 for P. Solving for MPier 
gives the following: 
 
ܯ௉௜௘௥ ൌ ெ೅೚೟ೌ೗ሺଵି஽஼ሻଶ ൌ
௛ഥிೣ ሺଵି஽஼ሻ
ଶ                                                                                      (5.5) 
 
The final relation in 5.5 results after substituting equation 5.2 for MTotal. Hence, the control 
algorithm is based on equation 5.3 for calculating the pier axial forces that induce the global 
overturning moment resistance due to coupling and 5.5 for calculating the local pier moments. 
The DC values are known from the large-scale specimen designs, and Fx is the measured lateral 
force required to reach a given displacement target.   
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1.73 in. Pinching behavior is evident in the hysteresis loops, but the behavior was stable and 
strength and stiffness degradation was gradual. The energy that the system did dissipate was due 
in large part to the satisfactory behavior of the braces, which were able to sustain large plastic 
deformations without failure. Yielding in the HBEs and CBs also contributed to the specimen’s 
energy dissipation. Figure 6.7 also shows that the behavior of the specimen was stable, with no 
sudden and significant reductions in strength or stiffness during most cycles of roof 
displacements. However, a significant and sudden reduction in strength and stiffness can be 
observed during the negative lateral displacement of one of the final 5.0% drift cycles. This is 
attributed to the complete fracture of the Pier 2 EVBE base weld discussed above. 
 
  
Figure 6.7 Base Shear vs. Average Lateral Roof Displacement  
 
 An analysis of the strain gage data showed that most of the extreme top and bottom fibers 
at strain gage locations in the HBEs and CBs experienced first yield relatively early in the test. 
Between steps 460 and 610, corresponding to displacement cycles with roof drifts of 2.0% and 
2.5%, respectively, first yield occurred in the CBs. Between steps 460 and 575, corresponding to 
cycles with roof drifts of 2.0% and 2.5%, respectively, first yield occurred in the HBEs. Yielding 
was not observed at any of the instrumented locations on the EVBEs and IVBEs. Yielding was 
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observed in the braces at relatively lower drift levels than the CBs and HBEs. Brace yielding was 
observed as early as the 0.5% drift cycles.  
The story shear vs. story drift responses for Pier 1 and Pier 2 are shown in Figure 6.8 and 
Figure 6.9, respectively. Since only a concentrated lateral load was applied to the top of each 
pier, the story shear was constant over the height of each pier. Story drifts were calculated using 
the step data obtained from the Krypton camera measurements. For each story of a pier, the 
average horizontal displacement of the LEDs near the joints at the top of the story was 
calculated. The same was done with the LEDs on the joints at the bottom of the story. The 
displacement of the top of the story relative to the bottom of the story was taken as the difference 
between the two average values. The story drift was calculated using this relative displacement. 
 In Figures 6.8 and 6.9, the plots of story shear vs. story drift reflect the effect of the 
complete base weld fracture at the Pier 2 EVBE. In the plot for Story 1 of Pier 1, it is observed 
that at a drift of about -6.0%, there is a sudden increase in the shear carried by this story. This 
jump occurs at the same time during which the base weld fracture occurs. Thus, the failure of the 
base weld in Pier 2 caused a drop in the capacity of Pier 2, and the lateral load that was shed was 
partially picked up by Pier 1. Similar behavior is observed in the second and third stories of Pier 
1. Although the piers were nominally identical, Pier 2 was apparently stiffer than Pier 1. 
Consequently, Pier 2 attracted more of the applied lateral load as shown in Figure 6.9. Maximum 
story shears in Pier 2 were approximately 2.0 kips, while those in Pier 1 were about 1.5 kips.   
 
66 
 
 
(a) 
 
 
(b) 
Figure 6.8 Story Shear vs. Story Drift in Pier 1: (a) Story 1, (b) Story 2, and (c) Story 3 
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(c) 
Figure 6.8 (Cont.) 
 
 
(a) 
Figure 6.9 Story Shear vs. Story Drift in Pier 2: (a) Story 1, (b) Story 2, and (c) Story 3 
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(b) 
 
 
(c) 
Figure 6.9 (cont.) 
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Figure 6.10 compares the experimental data to the analytical and numerical predictions.  
As illustrated in this figure, the initial stiffness and ultimate strength of the small-scale specimen 
in the experiment differ appreciably from the predictions. The analytical and numerical models 
overestimated the ultimate strength when compared to the strength observed in the test results. 
The numerical models also showed a higher initial stiffness than that of the actual specimen. The 
ultimate strength displayed by the small-scale specimen was approximately 3.5 kips, while 
strengths of 4.78 kips, 4.8 kips, and 5.5 kips were estimated by the OpenSees model, the plastic 
analysis, and the SAP2000 model, respectively. As mentioned previously, the SAP2000 model 
used plastic hinges to capture the nonlinear behavior due to yielding. Compared to the OpenSees 
model, this provided an approximation that was stronger. The OpenSees model used fiber-based 
elements for the IVBEs, EVBEs, HBEs, and CBs that accounted more accurately for the spread 
of plasticity. Thus, the OpenSees model was deemed to provide a better approximation of the 
actual behavior of the specimen under a lateral load.  
The initial elastic stiffness of the numerical models was about 19.5 kips/in, while the 
elastic stiffness of the test specimen was approximately 7.5 kips/in. This resulted in a difference 
of about 62% relative to the numerical result. The low initial stiffness of the specimen observed 
during the test is likely due to initial imperfections in the braces. Before testing began, it was 
observed that the braces at some stories had an initial out-of-plane imperfection because their 
lengths were greater than the distance between the two points that the braces were welded to. 
This initial “slack” in the braces at some stories reduced the specimen’s initial stiffness because 
at those stories larger displacements had to be applied before the braces were put into tension. 
The early pings heard during testing may have been the result of the initiation of small fractures 
in the base welds of the IVBEs and EVBEs. These small fractures may have partially reduced the 
ultimate strength of the specimen.  In addition, strain gage data indicate that plastic hinges 
assumed at the base and top of the IVBEs and EVBEs did not form. In light of the experimental 
results, the analytical model was modified assuming that the tops and bottoms of the IVBEs and 
EVBEs were pure pins. Based on this modified collapse mechanism, the plastic analysis 
estimated an ultimate strength of 2.3 kips, which was below the strength observed during the test. 
This pinned boundary condition case is extreme since there was some rotational restraint 
provided by the welds at these locations, so the plastic strength values of 4.8 kips and 2.3 kips 
reasonably bracket the experimental result. The experimental results indicate that the base 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS  
 
 In this chapter, summaries of the design of the small-scale SPSW-WC specimen and the 
experimental program are provided. A summary of the findings from the analytical, numerical, 
and experimental investigations is provided. The analytical and numerical results are compared 
to the experimental results, and the similarities and differences are discussed.  
 
7.1 Small-Scale SPSW-WC Specimen Design 
 
 A small-scale, three-story SPSW-WC specimen was designed based on the large-scale 
FLEX SPSW-WC specimen with flexural yielding dominated coupling beams (CBs) that will be 
tested at the University of Illinois. Dimensional analysis and similitude were used to scale down 
the large-scale specimen. A hollow structural section was chosen for the internal and external 
vertical boundary elements (IVBEs and EVBEs, respectively) and solid rectangular sections 
were chosen for the horizontal boundary elements (HBEs) and CBs. The most feasible way to 
represent the web plates at each story was to use diagonal braces on the front and back of the 
small-scale specimen’s piers on all stories. All of the connections between the boundary 
elements and the braces were made with fillet welds. 
 
7.2 Analytical and Numerical Modeling 
 
 Based on a plastic analysis by the kinematic method, the ultimate strength of the small-
scale SPSW-WC specimen was estimated. The analysis was based on an assumed collapse 
mechanism that followed the basis of the capacity-based design methodology adopted for the 
SPSW-WC. The collapse mechanism consisted of plastic hinges at the base and top of each 
IVBE and EVBE, and plastic hinges at the ends of the HBEs and CBs. Additionally, the braces 
on all stories were assumed to have yielded in tension. Based on this analysis, the ultimate 
strength of the specimen was estimated at 4.8 kips.  
 In addition to the analytical model, numerical models of the specimen were developed in 
SAP2000 and OpenSees. The SAP2000 model used frame elements to model the IVBEs, 
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EVBEs, HBEs, CBs, and braces. Under the assumption that the braces would provide negligible 
compressive strength, only the braces that would be in tension under an applied lateral load were 
modeled. The supports at the specimen’s base were modeled as fixed. Plastic hinges were added 
along the frame elements to capture nonlinear behavior in the system due to yielding of cross-
sections. A nonlinear static pushover analysis was performed using this model, and the system’s 
ultimate strength was estimated as 5.5 kips. 
In the OpenSees model, fiber sections were defined for the IVBEs, EVBEs, HBEs, and 
CBs. These elements were modeled with force-based beam-column elements. Truss elements 
were used to model the braces that would be in tension under an applied lateral load. A nonlinear 
static pushover analysis was performed on the model to estimate the specimen’s ultimate 
strength. The simulation estimated the strength at 4.78 kips, which agreed with the strength 
estimated using the plastic analysis. The agreement between the plastic analysis and OpenSees 
results validated the use of plastic analysis and the assumed collapse mechanism for determining 
the ultimate strength of a SPSW-WC. The OpenSees model indicated that a greater portion of the 
total story shear was carried by frame action than was carried by the braces.  
 
7.3 Experimental Results 
  
A displacement-controlled test was conducted on the small-scale specimen to investigate 
its behavior in preparation for the tests on large-scale specimens. The small-scale test was 
conducted in the reduced-scale NEES MUST-SIM facility at the University of Illinois. In 
addition to the force and displacement output from the load and boundary condition boxes 
(LBCBs) that were used to conduct the experiments, strain gages, linear potentiometers, and a 
Krypton system were used to record the response of the specimen. 
 The loading protocol consisted of gradually increasing cycles of lateral displacements. A 
control algorithm imposed displacement and measured the lateral force required to achieve a 
given displacement target. The measured lateral force was used to calculate the desired global 
overturning moment on the specimen and the moment on each pier. The specimen was tested 
successfully up to a roof drift of 5.0%.   
  During the test, the braces performed satisfactorily, yielding between story drifts of 0.5% 
and 1.0%, and sustaining large plastic deformations without fracture. Based on the strain gage 
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step data, first yield occurred in the HBEs and CBs between story drifts of 2.0% and 2.5%. Strain 
gage data indicate that yielding did not occur in the IVBEs or EVBEs.  
 The global lateral force vs. roof displacement plot showed that the specimen achieved an 
ultimate strength of approximately 3.5 kips. The hysteretic loops indicated pinched behavior due 
to tension-only brace response. However, the specimen’s behavior during the majority of the 
displacement cycles was relatively stable, with strength and stiffness degradation occurring 
gradually. It was only during a 5.0% drift cycle near the end of the test that a significant and 
sudden drop in strength was observed. This was the result of the complete fracture of the base 
weld on the EVBE of Pier 2. The test was concluded when a vertical actuator displacement limit 
was reached in the LBCB connected to Pier 2 due to the significant rotation in the loading 
platform that resulted from the fracture of the base weld.  
 
7.4 Comparison of Analytical, Numerical, and Experimental Results  
 
The specimen’s ultimate strength observed during testing was lower than the values 
predicted by numerical and analytical models.  The ultimate strength of the small-scale specimen 
was 3.5 kips, while a strength of 4.8 kips was predicted using an OpenSees model and simple 
plastic analysis.  This discrepancy indicates that the collapse mechanism in the models may not 
have formed in the small-scale specimen during testing.  Based on strain gage data, it appears 
likely that the VBEs did not develop plastic hinges at the top and bottom of the structure. A 
modified plastic analysis was conducted in which pinned connections were assumed at the tops 
and bottoms of the EVBEs and IVBEs. The resulting plastic strength was 2.3 kips, which lies 
below the ultimate strength of 3.5 kips observed in the experiment and the original calculated 
plastic strength of 4.8 kips. The original plastic strength of 4.8 kips and the modified plastic 
strength of 2.3 kips reasonably bracket the experimental result.   
In addition to the strength discrepancy between the models and the experiment, the 
experimental stiffness was also much lower than the predicted stiffness.  This difference is 
attributed to initial brace imperfections.  
The successful test on the small-scale SPSW-WC validated the control algorithm that will 
be used in the large-scale SPSW-WC tests. Although pinched, the hysteretic behavior of the 
small-scale specimen was similar to the hysteretic behavior of past tests on large-scale SPSW 
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specimens. The small-scale test conceptually demonstrated the coupling mechanism that will be 
extensively explored in the large-scale tests. 
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APPENDIX A 
PI TERMS USED IN THE SMALL-SCALE SPECIMEN DESIGN 
 
A.1 Pi Terms - VBE, HBE, and CB 
Variable Basic Dimension Pi Term 
Height h L  
Width w L Пଵ ൌ ݓ݄  
Length l L Пଶ ൌ ݈݄ 
Deflection δ L Пଷ ൌ ߜ݄ 
Area A L2 Пସ ൌ ܣ݄ଶ 
Young’s Modulus E FL-2  
Moment of Inertia I L4 Пହ ൌ ܫ݄ସ 
Yield Strength Fy FL-2 П଺ ൌ ܨ௬ܧ  
Plastic Section Modulus Z L3 П଻ ൌ ܼ݄ଷ 
Plastic Moment Mp FL П଼ ൌ ܨ௬ܼܧ݄ଷ 
Force F F Пଽ ൌ ܨ݄ଶܧ 
Moment M FL Пଵ଴ ൌ ܯ݄ଷܧ 
Mass m FL-1T2 Пଵଵ ൌ ݄݉ܧݐଶ 
Acceleration a LT-2 Пଵଶ ൌ ܽݐ
ଶ
݄  
Time t T  
 
Note: The repeating variables are h, E, and t. 
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A.2 Pi Terms - Web Plate 
Variable Dimension Pi Term 
Web Plate Thickness tw L Пଵଷ ൌ ݐ௪ܮ௖௙ 
Tensile Field Angle α  Пଵସ ൌ ߙ 
Yield Strength Fy FL-2  
Clear Length of Web Panel 
between VBE Flanges Lcf L  
Nominal Shear Strength Vn F Пଵହ ൌ ௡ܸܨ௬ܮ௖௙ଶ
 
Note: The repeating variables are Fy and Lcf. 
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APPENDIX B 
SCALE FACTORS USED IN THE SMALL-SCALE SPECIMEN DESIGN 
 
B.1 Scale Factors for VBE, HBE, and CB 
Variable Scale Factor 
Height 0.150 
Length 0.150 
Area 0.023 
Young’s Modulus 1 
Moment of Inertia 0.001 
Plastic Moment 0.003 
 
 
B.2 Scale Factors for Web Plate 
Variable Scale Factor 
Web-Plate Thickness 0.150 
Nominal Shear Strength 0.0225 
 
  
 DETAILED DRAWING
APP
S OF THE
80 
ENDIX C
 SMALL-SCALE SPSW-WC SPECIMEN 
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APPENDIX D 
OPENSEES MATLAB SCRIPT 
 
clear all 
clc 
close all 
  
f = fopen('SmallScaleOS.tcl','w'); 
  
% OpenSees Model of Small-Scale SPSW-WC 
% --------------------------------------- 
  
% Units are kip, inch, and second 
  
% Static pushover analysis of small-scale specimen 
% ------------------------------------------------------ 
fprintf(f,'wipe all\n'); 
  
% Create ModelBuilder (2 dimensions and 3 DOF/node) 
fprintf(f,'model BasicBuilder -ndm 2 -ndf 3\n'); 
  
% ------------------- 
% Definition of Nodes 
% ------------------- 
Nodes(  1   ,   :   ) = [0 0]; 
Nodes(  2   ,   :   ) = [9 0]; 
Nodes(  3   ,   :   ) = [15.5 0]; 
Nodes(  4   ,   :   ) = [24.5 0]; 
Nodes(  5   ,   :   ) = [0 1.68]; 
Nodes(  6   ,   :   ) = [9 1.68]; 
Nodes(  7   ,   :   ) = [15.5 1.68]; 
Nodes(  8   ,   :   ) = [24.5 1.68]; 
Nodes(  9   ,   :   ) = [  0.0     14.0625 ]; 
Nodes(  10  ,   :   ) = [ 9.0     14.0625 ]; 
Nodes(  11  ,   :   ) = [ 15.5    14.0625 ]; 
Nodes(  12  ,   :   ) = [ 24.5    14.0625 ]; 
Nodes(  13  ,   :   ) = [ 0.0     24.0625 ]; 
Nodes(  14  ,   :   ) = [ 9.0     24.0625 ]; 
Nodes(  15  ,   :   ) = [ 15.5    24.0625 ]; 
Nodes(  16  ,   :   ) = [ 24.5    24.0625 ]; 
Nodes(  17  ,   :   ) = [ 0.0     32.735 ]; 
Nodes(  18  ,   :   ) = [ 9.0     32.735 ]; 
Nodes(  19  ,   :   ) = [ 15.5    32.735 ]; 
Nodes(  20  ,   :   ) = [ 24.5    32.735 ]; 
Nodes(  21  ,   :   ) = [ 0.0     34.125 ]; 
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Nodes(  22  ,   :   ) = [ 9.0     34.125 ]; 
Nodes(  23  ,   :   ) = [ 15.5    34.125 ]; 
Nodes(  24  ,   :   ) = [ 24.5    34.125 ]; 
Nodes(  25  ,   :   ) = [ 4.5    34.125 ]; 
Nodes(  26  ,   :   ) = [ 20.0    34.125 ]; 
Nodes(  27  ,   :   ) = [ 4.5    0.0]; 
Nodes(  28  ,   :   ) = [ 12.25     0.0 ]; 
Nodes(  29  ,   :   ) = [ 20.0  0.0 ]; 
  
  
for i = 1:size(Nodes,1); 
    fprintf(f,'node %i %g %g\n',i,Nodes(i,1),Nodes(i,2)); 
end 
  
  
% ------------------------- 
% Apply boundary conditions 
% ------------------------- 
  
%   tag DX  DY  DZ 
fprintf(f,'fix  1   1   1   1\n'); 
fprintf(f,'fix  2  1   1   1\n'); 
fprintf(f,'fix  3  1   1   1\n'); 
fprintf(f,'fix  4  1   1   1\n'); 
fprintf(f,'fix  27  1   1   1\n'); 
fprintf(f,'fix  28  1   1   1\n'); 
fprintf(f,'fix  29  1   1   1\n'); 
  
  
% -------------------------- 
% Define material properties 
% -------------------------- 
% Define a UniaxialMaterial object represented uniaxial stress-strain behavior 
  
% One material object for the VBEs, and another object for the HBEs and CBs 
  
% Steel - Using Steel01 Material which is a uniaxial bilinear material object with kinematic 
hardening  
  
% Steel material object for VBEs 
%                       mattag, Fy,     E,  strain-hardening ratio, 
%                       (for Steel02 R0=10 to 20, cR1=0.925, cR2=0.15) 
fprintf(f,'uniaxialMaterial Steel01 1         46.0   29000 0.001 \n'); 
  
% Steel material object for HBEs and CBs 
fprintf(f,'uniaxialMaterial Steel01 2         36.0   29000 0.001 \n'); 
95 
 
  
% Steel material object for braces 
fprintf(f,'uniaxialMaterial Steel01 3         54.0   30612 0.0001 \n'); 
  
  
% --------------- 
% Define sections 
% --------------- 
  
% VBE fibers 
% ---------- 
fprintf(f,'section Fiber 1 {\n'); 
% top, bottom, left, right - use rectangular patch 
% material tag, number of fibers in local y direction, number of fibers in local z direction, y and 
z corrds of vertex I, y and z coords of vertex J 
  
fprintf(f,'patch rect 1 10 1 0.384 -1.0 0.5 1.0\n'); 
fprintf(f,'patch rect 1 10 1 -0.5 -1.0 -0.384 1.0\n'); 
fprintf(f,'patch rect 1 5 1 -0.384 0.884 0.384 1.0\n'); 
fprintf(f,'patch rect 1 5 1 -0.384 -1.0 0.384 -0.884\n'); 
fprintf(f,'}\n'); 
  
% HBE and CB fibers 
% ----------------- 
fprintf(f,'section Fiber 2 {\n'); 
% Use rectangular patch 
% material tag, number of fibers in local y direction, number of fibers in local z direction, y and 
z corrds of vertex I, y and z coords of vertex J 
fprintf(f,'patch rect 2 10 1 -0.15625 -0.6875 0.15625 0.6875\n'); 
fprintf(f,'}\n'); 
  
  
% ------------------ 
% Element Definition 
% ------------------ 
  
% Coordinate transformation object for VBEs 
fprintf(f,'geomTransf Corotational 1\n'); 
  
% Coordinate transformation object for HBEs and CBs 
fprintf(f,'geomTransf Corotational 2\n'); 
  
% Coordinate transformation object for braces 
fprintf(f,'geomTransf Corotational 3\n'); 
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% VBEs, HBEs, and CBs represented by force-based beam-columns that allow for the spread of 
plasticity along the element 
  
% HBEs 
% ------ 
% element_tag, node i, node j, number of integration points, section object ID, coord-
transformation ID 
fprintf(f,'element forceBeamColumn 1 9 10 5 2 2\n'); 
fprintf(f,'element forceBeamColumn 2 13 14 5 2 2\n'); 
fprintf(f,'element forceBeamColumn 3 11 12 5 2 2\n'); 
fprintf(f,'element forceBeamColumn 4 15 16 5 2 2\n'); 
  
% CBs 
% ------ 
% element_tag, node i, node j, number of integration points, section object ID, coord-
transformation ID 
fprintf(f,'element forceBeamColumn 5 10 11 5 2 2\n'); 
fprintf(f,'element forceBeamColumn 6 14 15 5 2 2\n'); 
  
% VBEs 
% ----- 
% element_tag, node i, node j, number of integration points, section object ID, coord-
transformation ID 
fprintf(f,'element forceBeamColumn 7 1 5 5 1 1\n');  
fprintf(f,'element forceBeamColumn 8 5 9 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 9 9 13 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 10 13 17 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 11 17 21 5 1 1\n'); 
  
fprintf(f,'element forceBeamColumn 12 2 6 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 13 6 10 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 14 10 14 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 15 14 18 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 16 18 22 5 1 1\n'); 
  
fprintf(f,'element forceBeamColumn 17 3 7 5 1 1\n');  
fprintf(f,'element forceBeamColumn 18 7 11 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 19 11 15 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 20 15 19 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 21 19 23 5 1 1\n'); 
  
fprintf(f,'element forceBeamColumn 22 4 8 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 23 8 12 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 24 12 16 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 25 16 20 5 1 1\n'); 
fprintf(f,'element forceBeamColumn 26 20 24 5 1 1\n'); 
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% Braces 
% ------- 
% Use truss element 
% ----------------------------------------------- 
% ----------------------------------------------- 
% First Story, Left Pier 
% Front brace 
fprintf(f,'element truss 27 5 10 0.03 3\n'); 
  
% ------------------------------------------------  
  
% First Story. Right Pier 
% Front brace 
fprintf(f,'element truss 29 7 12 0.03 3\n'); 
  
% -------------------------------------------------- 
% -------------------------------------------------- 
  
% Second Story, Left Pier 
% Front brace  
fprintf(f,'element truss 31 9 14 0.03 3\n'); 
  
% ----------------------------------------------------- 
  
% Second Story, Right Pier 
% Front brace 
fprintf(f,'element truss 33 11 16 0.03 3\n'); 
  
  
% -------------------------------------------------- 
% -------------------------------------------------- 
  
% Third Story, Left Pier 
% Front brace 
fprintf(f,'element truss 35 13 18 0.03 3 \n'); 
  
  
% --------------------------------------------------- 
  
% Third Story, Right Pier  
% Front brace 
fprintf(f,'element truss 37 15 20 0.03 3  \n'); 
   
  
% Top and bottom connecting plates - use elastic beam column elements 
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% ------------------------------------------------------------------- 
%% Top 
% element elasticBeamColumn $eleTag $iNode $jNode $A $E $Iz $transfTag 
% Pier 1 
fprintf(f,'element elasticBeamColumn 39 21 25 4.5 29000 3.33 2\n'); 
fprintf(f,'element elasticBeamColumn 40 25 22 4.5 29000 3.33 2\n'); 
  
% Pier 2 
fprintf(f,'element elasticBeamColumn 41 23 26 4.5 29000 3.33 2\n'); 
fprintf(f,'element elasticBeamColumn 42 26 24 4.5 29000 3.33 2\n'); 
  
%% Bottom 
fprintf(f,'element elasticBeamColumn 43 1 27 70.0 29000 0.1458 2 \n');  
fprintf(f,'element elasticBeamColumn 44 27 2 70.0 29000 0.1458 2\n'); 
fprintf(f,'element elasticBeamColumn 45 2 28 70.0 29000 0.1458 2 \n');    
fprintf(f,'element elasticBeamColumn 46 28 3 70.0 29000 0.1458 2 \n');  
fprintf(f,'element elasticBeamColumn 47 3 29 70.0 29000 0.1458 2\n'); 
fprintf(f,'element elasticBeamColumn 48 29 4 70.0 29000 0.1458 2 \n');   
  
% ------------------------ 
% End of model generation 
% ------------------------ 
   
% Create Gravity Load Pattern 
% ---------------------------- 
  
% Gravity Load 
  
% Define Time Series 
fprintf(f,'timeSeries Constant 1\n'); 
  
% VBEs - convert distributed self-wight to nodal loads 
fprintf(f,'pattern Plain 1 1 {\n');  
%load $nodeTag (ndf $LoadValues)  
% Pier 1 - Left VBE 
fprintf(f,'load 21 0.0 -1.268e-4 0.0\n'); 
fprintf(f,'load 17 0.0 -9.18e-4 0.0\n'); 
fprintf(f,'load 13 0.0 -0.001704 0.0\n'); 
fprintf(f,'load 9 0.0 -0.002043 0.0\n'); 
fprintf(f,'load 5 0.0 -0.001283 0.0\n'); 
fprintf(f,'load 1 0.0 -1.533e-4 0.0\n'); 
% Pier 1 - Right VBE 
fprintf(f,'load 22 0.0 -1.268e-4 0.0\n'); 
fprintf(f,'load 18 0.0 -9.18e-4 0.0\n'); 
fprintf(f,'load 14 0.0 -0.001704 0.0\n'); 
fprintf(f,'load 10 0.0 -0.002043 0.0\n'); 
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fprintf(f,'load 6 0.0 -0.001283 0.0\n'); 
fprintf(f,'load 2 0.0 -1.533e-4 0.0\n'); 
% Pier 2 - Left VBE 
fprintf(f,'load 23 0.0 -1.268e-4 0.0\n'); 
fprintf(f,'load 19 0.0 -9.18e-4 0.0\n'); 
fprintf(f,'load 15 0.0 -0.001704 0.0\n'); 
fprintf(f,'load 11 0.0 -0.002043 0.0\n'); 
fprintf(f,'load 7 0.0 -0.001283 0.0\n'); 
fprintf(f,'load 3 0.0 -1.533e-4 0.0\n'); 
% Pier 2 - Right VBE 
fprintf(f,'load 24 0.0 -1.268e-4 0.0\n'); 
fprintf(f,'load 20 0.0 -9.18e-4 0.0\n'); 
fprintf(f,'load 16 0.0 -0.001704 0.0\n'); 
fprintf(f,'load 12 0.0 -0.002043 0.0\n'); 
fprintf(f,'load 8 0.0 -0.001283 0.0\n'); 
fprintf(f,'load 4 0.0 -1.533e-4 0.0\n'); 
  
% HBEs  
% Pier 1 
fprintf(f,'load 9 0.0 -4.88e-4 0.0\n'); 
fprintf(f,'load 10 0.0 -4.88e-4 0.0\n'); 
fprintf(f,'load 13 0.0 -4.88e-4 0.0\n'); 
fprintf(f,'load 14 0.0 -4.88e-4 0.0\n'); 
% Pier 2 
fprintf(f,'load 11 0.0 -4.88e-4 0.0\n'); 
fprintf(f,'load 12 0.0 -4.88e-4 0.0\n'); 
fprintf(f,'load 15 0.0 -4.88e-4 0.0\n'); 
fprintf(f,'load 16 0.0 -4.88e-4 0.0\n'); 
  
%CBs 
fprintf(f,'load 10 0.0 -3.36e-4 0.0\n'); 
fprintf(f,'load 11 0.0 -3.36e-4 0.0\n'); 
fprintf(f,'load 14 0.0 -3.36e-4 0.0\n'); 
fprintf(f,'load 15 0.0 -3.36e-4 0.0\n'); 
  
% Braces 
% Pier 1 
%Story 1 
fprintf(f,'load 5 0.0 -6.52e-5 0.0\n'); 
fprintf(f,'load 10 0.0 -6.52e-5 0.0\n'); 
  
%Story 2 
fprintf(f,'load 9 0.0 -5.73e-5 0.0\n'); 
fprintf(f,'load 14 0.0 -5.73e-5 0.0\n'); 
  
%Story 3 
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fprintf(f,'load 13 0.0 -5.33e-5 0.0\n'); 
fprintf(f,'load 18 0.0 -5.33e-5 0.0\n'); 
  
% ----------------------------------------- 
% Pier 2 
%Story 1 
fprintf(f,'load 7 0.0 -6.52e-5 0.0\n'); 
fprintf(f,'load 12 0.0 -6.52e-5 0.0\n'); 
  
%Story 2 
fprintf(f,'load 11 0.0 -5.73e-5 0.0\n'); 
fprintf(f,'load 16 0.0 -5.73e-5 0.0\n'); 
  
%Story 3 
fprintf(f,'load 15 0.0 -5.33e-5 0.0\n'); 
fprintf(f,'load 20 0.0 -5.33e-5 0.0\n'); 
  
  
% Top Plates and Bottom Plate 
%Top Plate 
% Pier 1 
fprintf(f,'load 21 0.0 -0.0014 0.0\n'); 
fprintf(f,'load 25 0.0 -0.0029 0.0\n'); 
fprintf(f,'load 22 0.0 -0.0014 0.0\n'); 
  
  
% Pier 2 
fprintf(f,'load 23 0.0 -0.0014 0.0\n'); 
fprintf(f,'load 26 0.0 -0.0029 0.0\n'); 
fprintf(f,'load 24 0.0 -0.0014 0.0\n'); 
  
  
%Bottom Plate 
% Loads will not affect analysis 
  
fprintf(f,'}\n'); 
  
% Gravity Load Analysis 
% ----------------------- 
% Constraints command 
fprintf(f,'constraints Plain\n'); 
  
% Numberer command 
fprintf(f,'numberer RCM\n'); 
  
% System command 
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fprintf(f,'system ProfileSPD\n'); 
  
% Test command 
fprintf(f,'test NormDispIncr 1e-5 6\n'); 
  
% Algorithm command 
fprintf(f,'algorithm Newton\n'); 
  
% Integrator command - load increment of 1 applied at each analysis step 
fprintf(f,'integrator LoadControl 1\n'); 
  
% Analysis command  
fprintf(f,'analysis Static\n'); 
  
%  Eigen command - Gravity loads applied in 1 step 
fprintf(f,'analyze 1\n'); 
  
% Maintain constant gravity loads and reset time to zero 
fprintf(f,'loadConst -time 0.0\n'); 
  
% ------------------------ 
% Pushover Analysis  
% ------------------------ 
fprintf(f,'recorder Node -file DispSmall.txt -time -node 25 -dof 1 2 disp\n'); 
fprintf(f,'recorder Node -file RexnSmall.txt -time -node 1 2 3 4 -dof 1 2 3 reaction\n'); 
  
%% Create recorders  
% To record stress-strain in the HBEs and CBs 
% HBEs 
fprintf(f,'recorder Element -file stress_strain_HBE_1_1.txt -time -ele 1 section 1 fiber 0.03125 
0.6875 stressStrain\n'); 
fprintf(f,'recorder Element -file stress_strain_HBE_1_5.txt -time -ele 1 section 5 fiber 0.03125 
0.6875 stressStrain\n'); 
fprintf(f,'recorder Element -file stress_strain_HBE_2_1.txt -time -ele 2 section 1 fiber 0.03125 
0.6875 stressStrain\n'); 
fprintf(f,'recorder Element -file stress_strain_HBE_2_5.txt -time -ele 2 section 5 fiber 0.03125 
0.6875 stressStrain\n'); 
fprintf(f,'recorder Element -file stress_strain_HBE_3_1.txt -time -ele 3 section 1 fiber 0.03125 
0.6875 stressStrain\n'); 
fprintf(f,'recorder Element -file stress_strain_HBE_3_5.txt -time -ele 3 section 5 fiber 0.03125 
0.6875 stressStrain\n'); 
fprintf(f,'recorder Element -file stress_strain_HBE_4_1.txt -time -ele 4 section 1 fiber 0.03125 
0.6875 stressStrain\n'); 
fprintf(f,'recorder Element -file stress_strain_HBE_4_5.txt -time -ele 4 section 5 fiber 0.03125 
0.6875 stressStrain\n'); 
% CBs 
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fprintf(f,'recorder Element -file stress_strain_CB_5_1.txt -time -ele 5 section 1 fiber 0.03125 
0.6875 stressStrain\n'); 
fprintf(f,'recorder Element -file stress_strain_CB_5_5.txt -time -ele 5 section 5 fiber 0.03125 
0.6875 stressStrain\n'); 
fprintf(f,'recorder Element -file stress_strain_CB_6_1.txt -time -ele 6 section 1 fiber 0.03125 
0.6875 stressStrain\n'); 
fprintf(f,'recorder Element -file stress_strain_CB_6_5.txt -time -ele 6 section 5 fiber 0.03125 
0.6875 stressStrain\n'); 
  
% To record plastic deformation and rotation in the HBEs and CBs 
% HBEs 
fprintf(f,'recorder Element -file plasticdeform_HBE_1.txt -time -ele 1 plasticDeformation\n'); 
fprintf(f,'recorder Element -file plasticdeform_HBE_2.txt -time -ele 2 plasticDeformation\n'); 
fprintf(f,'recorder Element -file plasticdeform_HBE_3.txt -time -ele 3 plasticDeformation\n'); 
fprintf(f,'recorder Element -file plasticdeform_HBE_4.txt -time -ele 4 plasticDeformation\n'); 
% CBs 
fprintf(f,'recorder Element -file plasticdeform_CB_5.txt -time -ele 5 plasticDeformation\n'); 
fprintf(f,'recorder Element -file plasticdeform_CB_6.txt -time -ele 6 plasticDeformation\n'); 
  
% To record axial force and deformation in braces 
fprintf(f,'recorder Element -file Brace_axialF_27.txt -ele 27 axialForce\n'); 
fprintf(f,'recorder Element -file Brace_deform_27.txt -ele 27 deformations\n'); 
  
fprintf(f,'recorder Element -file Brace_axialF_29.txt -ele 29 axialForce\n'); 
fprintf(f,'recorder Element -file Brace_deform_29.txt -ele 29 deformations\n'); 
  
fprintf(f,'recorder Element -file Brace_axialF_31.txt -ele 31 axialForce\n'); 
fprintf(f,'recorder Element -file Brace_deform_31.txt -ele 31 deformations\n'); 
  
fprintf(f,'recorder Element -file Brace_axialF_33.txt -ele 33 axialForce\n'); 
fprintf(f,'recorder Element -file Brace_deform_33.txt -ele 33 deformations\n'); 
  
fprintf(f,'recorder Element -file Brace_axialF_35.txt -ele 35 axialForce\n'); 
fprintf(f,'recorder Element -file Brace_deform_35.txt -ele 35 deformations\n'); 
  
fprintf(f,'recorder Element -file Brace_axialF_37.txt -ele 37 axialForce\n'); 
fprintf(f,'recorder Element -file Brace_deform_37.txt -ele 37 deformations\n'); 
  
% To record forces in HBEs and CBs (global coordinates) 
% HBEs 
% Forces 
fprintf(f,'recorder Element -file HBE_F_1.txt -time -ele 1 force\n'); 
fprintf(f,'recorder Element -file HBE_F_2.txt -time -ele 2 force\n'); 
fprintf(f,'recorder Element -file HBE_F_3.txt -time -ele 3 force\n'); 
fprintf(f,'recorder Element -file HBE_F_4.txt -time -ele 4 force\n'); 
% CBs 
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% Forces 
fprintf(f,'recorder Element -file CB_F_5.txt -time -ele 5 force\n'); 
fprintf(f,'recorder Element -file CB_F_6.txt -time -ele 6 force\n'); 
  
  
% To record VBE element forces (Fel# = forces in element #) (In global 
% coordinates) 
% Pier 1 EVBE 
fprintf(f,'recorder Element -file P1EVBE_Fel7.txt -time -ele 7 force\n'); 
fprintf(f,'recorder Element -file P1EVBE_Fel8.txt -time -ele 8 force\n'); 
fprintf(f,'recorder Element -file P1EVBE_Fel9.txt -time -ele 9 force\n'); 
fprintf(f,'recorder Element -file P1EVBE_Fel10.txt -time -ele 10 force\n'); 
fprintf(f,'recorder Element -file P1EVBE_Fel11.txt -time -ele 11 force\n'); 
  
% Pier 1 IVBE 
fprintf(f,'recorder Element -file P1IVBE_Fel12.txt -time -ele 12 force\n'); 
fprintf(f,'recorder Element -file P1IVBE_Fel13.txt -time -ele 13 force\n'); 
fprintf(f,'recorder Element -file P1IVBE_Fel14.txt -time -ele 14 force\n'); 
fprintf(f,'recorder Element -file P1IVBE_Fel15.txt -time -ele 15 force\n'); 
fprintf(f,'recorder Element -file P1IVBE_Fel16.txt -time -ele 16 force\n'); 
  
% Pier 2 IVBE 
fprintf(f,'recorder Element -file P2IVBE_Fel17.txt -time -ele 17 force\n'); 
fprintf(f,'recorder Element -file P2IVBE_Fel18.txt -time -ele 18 force\n'); 
fprintf(f,'recorder Element -file P2IVBE_Fel19.txt -time -ele 19 force\n'); 
fprintf(f,'recorder Element -file P2IVBE_Fel20.txt -time -ele 20 force\n'); 
fprintf(f,'recorder Element -file P2IVBE_Fel21.txt -time -ele 21 force\n'); 
  
% Pier 2 EVBE 
fprintf(f,'recorder Element -file P2EVBE_Fel22.txt -time -ele 22 force\n'); 
fprintf(f,'recorder Element -file P2EVBE_Fel23.txt -time -ele 23 force\n'); 
fprintf(f,'recorder Element -file P2EVBE_Fel24.txt -time -ele 24 force\n'); 
fprintf(f,'recorder Element -file P2EVBE_Fel25.txt -time -ele 25 force\n'); 
fprintf(f,'recorder Element -file P2EVBE_Fel26.txt -time -ele 26 force\n'); 
  
% DRIFT RECORDERS 
% recorder Drift <-file $fileName> <-xml $fileName> <-time> -iNode $inode1 $inode2 ... -
jNode $jnode1 $jnode2 ... -dof $dof1 $dof2 ... -perpDirn $perpDirn1 $perpDirn2 ... 
fprintf(f,'recorder Drift -file P1_EVBE_S1.txt -time -iNode 1 -jNode 9 -dof 1 -perpDirn 2\n'); 
fprintf(f,'recorder Drift -file P1_EVBE_S2.txt -time -iNode 9 -jNode 13 -dof 1 -perpDirn 2\n'); 
fprintf(f,'recorder Drift -file P1_EVBE_S3.txt -time -iNode 13 -jNode 21 -dof 1 -perpDirn 2\n'); 
fprintf(f,'recorder Drift -file P1_IVBE_S1.txt -time -iNode 2 -jNode 10 -dof 1 -perpDirn 2\n'); 
fprintf(f,'recorder Drift -file P1_IVBE_S2.txt -time -iNode 10 -jNode 14 -dof 1 -perpDirn 2\n'); 
fprintf(f,'recorder Drift -file P1_IVBE_S3.txt -time -iNode 14 -jNode 22 -dof 1 -perpDirn 2\n'); 
  
fprintf(f,'recorder Drift -file P2_EVBE_S1.txt -time -iNode 4 -jNode 12 -dof 1 -perpDirn 2\n'); 
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fprintf(f,'recorder Drift -file P2_EVBE_S2.txt -time -iNode 12 -jNode 16 -dof 1 -perpDirn 2\n'); 
fprintf(f,'recorder Drift -file P2_EVBE_S3.txt -time -iNode 16 -jNode 24 -dof 1 -perpDirn 2\n'); 
fprintf(f,'recorder Drift -file P2_IVBE_S1.txt -time -iNode 3 -jNode 11 -dof 1 -perpDirn 2\n'); 
fprintf(f,'recorder Drift -file P2_IVBE_S2.txt -time -iNode 11 -jNode 15 -dof 1 -perpDirn 2\n'); 
fprintf(f,'recorder Drift -file P2_IVBE_S3.txt -time -iNode 15 -jNode 23 -dof 1 -perpDirn 2\n'); 
  
% To record moment and curvature at end sections of HBEs and CBs 
% HBEs 
fprintf(f,'recorder Element -file HBE_M1L.txt -time -ele 1 section 1 forces\n'); 
fprintf(f,'recorder Element -file HBE_curv1L.txt -time -ele 1 section 1 deformations\n'); 
fprintf(f,'recorder Element -file HBE_M1R.txt -time -ele 1 section 5 forces\n'); 
fprintf(f,'recorder Element -file HBE_curv1R.txt -time -ele 1 section 5 deformations\n'); 
  
fprintf(f,'recorder Element -file HBE_M2L.txt -time -ele 2 section 1 forces\n'); 
fprintf(f,'recorder Element -file HBE_curv2L.txt -time -ele 2 section 1 deformations\n'); 
fprintf(f,'recorder Element -file HBE_M2R.txt -time -ele 2 section 5 forces\n'); 
fprintf(f,'recorder Element -file HBE_curv2R.txt -time -ele 2 section 5 deformations\n'); 
  
fprintf(f,'recorder Element -file HBE_M3L.txt -time -ele 3 section 1 forces\n'); 
fprintf(f,'recorder Element -file HBE_curv3L.txt -time -ele 3 section 1 deformations\n'); 
fprintf(f,'recorder Element -file HBE_M3R.txt -time -ele 3 section 5 forces\n'); 
fprintf(f,'recorder Element -file HBE_curv3R.txt -time -ele 3 section 5 deformations\n'); 
  
fprintf(f,'recorder Element -file HBE_M4L.txt -time -ele 4 section 1 forces\n'); 
fprintf(f,'recorder Element -file HBE_curv4L.txt -time -ele 4 section 1 deformations\n'); 
fprintf(f,'recorder Element -file HBE_M4R.txt -time -ele 4 section 5 forces\n'); 
fprintf(f,'recorder Element -file HBE_curv4R.txt -time -ele 4 section 5 deformations\n'); 
  
% CBs 
fprintf(f,'recorder Element -file CB_M5L.txt -time -ele 5 section 1 forces\n'); 
fprintf(f,'recorder Element -file CB_curv5L.txt -time -ele 5 section 1 deformations\n'); 
fprintf(f,'recorder Element -file CB_M5R.txt -time -ele 5 section 5 forces\n'); 
fprintf(f,'recorder Element -file CB_curv5R.txt -time -ele 5 section 5 deformations\n'); 
  
fprintf(f,'recorder Element -file CB_M6L.txt -time -ele 6 section 1 forces\n'); 
fprintf(f,'recorder Element -file CB_curv6L.txt -time -ele 6 section 1 deformations\n'); 
fprintf(f,'recorder Element -file CB_M6R.txt -time -ele 6 section 5 forces\n'); 
fprintf(f,'recorder Element -file CB_curv6R.txt -time -ele 6 section 5 deformations\n'); 
  
%% Applied lateral load 
% Define Time Series 
fprintf(f,'timeSeries Linear 2\n');  
  
% Load applied at nodes 25 and 26 in the x-direction 
fprintf(f,'pattern Plain 2 2 {\n');  
fprintf(f,'load 25 1.0 0.0 0.0\n');   
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fprintf(f,'load 26 1.0 0.0 0.0\n'); 
fprintf(f,'}\n'); 
  
fprintf(f,'puts "Pushover Analysis"\n'); 
  
% Pushover Analysis commands 
% ------------------- 
% Constraints command 
fprintf(f,'constraints Plain\n'); 
  
% Numberer command 
fprintf(f,'numberer RCM\n'); 
  
% System command 
fprintf(f,'system ProfileSPD\n'); 
  
% Test command 
fprintf(f,'test EnergyIncr 1e-5 20 1\n'); 
  
% Algorithm command 
fprintf(f,'algorithm NewtonLineSearch\n'); 
  
% Integrator command  
%  Eigen command - A total displacment of 2 in. is applied, so 20 steps are 
%  required 
fprintf(f,'integrator DisplacementControl 25 1 0.1\n'); 
fprintf(f,'analyze 20\n'); 
  
% Analysis command  
fprintf(f,'analysis Static\n'); 
  
fprintf(f,'wipe all\n'); 
  
fclose(f); 
  
%%Run OpenSees 
!OpenSees SmallScaleOS.tcl 
  
%%Output files%% 
disp = dlmread('DispSmall.txt'); 
react = dlmread('RexnSmall.txt'); 
  
% Braces 
Brace_axialF_27 = dlmread('Brace_axialF_27.txt'); 
Brace_deform_27 = dlmread('Brace_deform_27.txt');  
Brace_axialF_29 = dlmread('Brace_axialF_29.txt'); 
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Brace_deform_29 = dlmread('Brace_deform_29.txt');  
Brace_axialF_31 = dlmread('Brace_axialF_31.txt'); 
Brace_deform_31 = dlmread('Brace_deform_31.txt');  
Brace_axialF_33 = dlmread('Brace_axialF_33.txt'); 
Brace_deform_33 = dlmread('Brace_deform_33.txt');  
Brace_axialF_35 = dlmread('Brace_axialF_35.txt'); 
Brace_deform_35 = dlmread('Brace_deform_35.txt');  
Brace_axialF_37 = dlmread('Brace_axialF_37.txt'); 
Brace_deform_37 = dlmread('Brace_deform_37.txt');  
  
% Stress-Strain in HBEs and CBs 
stress_strain_HBE_1_1 = dlmread('stress_strain_HBE_1_1.txt'); 
stress_strain_HBE_1_5 = dlmread('stress_strain_HBE_1_5.txt'); 
stress_strain_HBE_2_1 = dlmread('stress_strain_HBE_2_1.txt'); 
stress_strain_HBE_2_5 = dlmread('stress_strain_HBE_2_5.txt'); 
stress_strain_HBE_3_1 = dlmread('stress_strain_HBE_3_1.txt'); 
stress_strain_HBE_3_5 = dlmread('stress_strain_HBE_1_5.txt'); 
stress_strain_HBE_4_1 = dlmread('stress_strain_HBE_4_1.txt'); 
stress_strain_HBE_4_5 = dlmread('stress_strain_HBE_4_5.txt'); 
  
stress_strain_CB_5_1 = dlmread('stress_strain_CB_5_1.txt'); 
stress_strain_CB_5_5 = dlmread('stress_strain_CB_5_5.txt'); 
stress_strain_CB_6_1 = dlmread('stress_strain_CB_6_1.txt'); 
stress_strain_CB_6_5 = dlmread('stress_strain_CB_6_5.txt'); 
  
% Plastic deformation and rotation in the HBEs and CBs 
% HBEs 
plasticdeform_HBE_1 = dlmread('plasticdeform_HBE_1.txt'); 
plasticdeform_HBE_2 = dlmread('plasticdeform_HBE_2.txt'); 
plasticdeform_HBE_3 = dlmread('plasticdeform_HBE_3.txt'); 
plasticdeform_HBE_4 = dlmread('plasticdeform_HBE_4.txt'); 
% CBs 
plasticdeform_CB_5 = dlmread('plasticdeform_CB_5.txt'); 
plasticdeform_CB_6 = dlmread('plasticdeform_CB_6.txt'); 
  
  
% HBE ELEMENT Forces 
  
HBE_F_1 = dlmread('HBE_F_1.txt'); 
HBE_F_2 = dlmread('HBE_F_2.txt'); 
HBE_F_3 = dlmread('HBE_F_3.txt'); 
HBE_F_4 = dlmread('HBE_F_4.txt'); 
  
  
% CB ELEMENT FORCES 
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CB_F_5 = dlmread('CB_F_5.txt'); 
CB_F_6 = dlmread('CB_F_6.txt'); 
  
% HBE Section Information 
HBE_M1L = dlmread('HBE_M1L.txt');  
HBE_curv1L = dlmread('HBE_curv1L.txt');  
HBE_M1R = dlmread('HBE_M1R.txt'); 
HBE_curv1R = dlmread('HBE_curv1R.txt'); 
  
HBE_M2L = dlmread('HBE_M2L.txt');  
HBE_curv2L = dlmread('HBE_curv2L.txt');  
HBE_M2R = dlmread('HBE_M2R.txt');  
HBE_curv2R = dlmread('HBE_curv2R.txt');  
  
HBE_M3L = dlmread('HBE_M3L.txt');  
HBE_curv3L = dlmread('HBE_curv3L.txt');  
HBE_M3R = dlmread('HBE_M3R.txt');  
HBE_curv3R = dlmread('HBE_curv3R.txt');  
  
HBE_M4L = dlmread('HBE_M4L.txt');  
HBE_curv4L = dlmread('HBE_curv4L.txt');  
HBE_M4R = dlmread('HBE_M4R.txt');  
HBE_curv4R = dlmread('HBE_curv4R.txt');  
  
% CB Section Information 
CB_M5L = dlmread('CB_M5L.txt');  
CB_curv5L = dlmread('CB_curv5L.txt');  
CB_M5R = dlmread('CB_M5R.txt');  
CB_curv5R = dlmread('CB_curv5R.txt');  
  
CB_M6L = dlmread('CB_M6L.txt');  
CB_curv6L = dlmread('CB_curv6L.txt');  
CB_M6R = dlmread('CB_M6R.txt');  
CB_curv6R = dlmread('CB_curv6R.txt');  
  
% VBE element forces in global coordinates 
P1EVBE_Fel7 = dlmread('P1EVBE_Fel7.txt'); 
P1EVBE_Fel8 = dlmread('P1EVBE_Fel8.txt'); 
P1EVBE_Fel9 = dlmread('P1EVBE_Fel9.txt'); 
P1EVBE_Fel10 = dlmread('P1EVBE_Fel10.txt'); 
P1EVBE_Fel11 = dlmread('P1EVBE_Fel11.txt'); 
  
P1IVBE_Fel12 = dlmread('P1IVBE_Fel12.txt'); 
P1IVBE_Fel13 = dlmread('P1IVBE_Fel13.txt'); 
P1IVBE_Fel14 = dlmread('P1IVBE_Fel14.txt'); 
P1IVBE_Fel15 = dlmread('P1IVBE_Fel15.txt'); 
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P1IVBE_Fel16 = dlmread('P1IVBE_Fel16.txt'); 
  
P2IVBE_Fel17 = dlmread('P2IVBE_Fel17.txt'); 
P2IVBE_Fel18 = dlmread('P2IVBE_Fel18.txt'); 
P2IVBE_Fel19 = dlmread('P2IVBE_Fel19.txt'); 
P2IVBE_Fel20 = dlmread('P2IVBE_Fel20.txt'); 
P2IVBE_Fel21 = dlmread('P2IVBE_Fel21.txt'); 
  
P2EVBE_Fel22 = dlmread('P2EVBE_Fel22.txt'); 
P2EVBE_Fel23 = dlmread('P2EVBE_Fel23.txt'); 
P2EVBE_Fel24 = dlmread('P2EVBE_Fel24.txt'); 
P2EVBE_Fel25 = dlmread('P2EVBE_Fel25.txt'); 
P2EVBE_Fel26 = dlmread('P2EVBE_Fel26.txt'); 
  
% DRIFT RECORDER OUTPUT 
P1_EVBE_S1 = dlmread('P1_EVBE_S1.txt'); 
P1_EVBE_S2 = dlmread('P1_EVBE_S2.txt'); 
P1_EVBE_S3 = dlmread('P1_EVBE_S3.txt'); 
P1_IVBE_S1 = dlmread('P1_IVBE_S1.txt'); 
P1_IVBE_S2 = dlmread('P1_IVBE_S2.txt'); 
P1_IVBE_S3 = dlmread('P1_IVBE_S3.txt'); 
  
P2_EVBE_S1 = dlmread('P2_EVBE_S1.txt'); 
P2_EVBE_S2 = dlmread('P2_EVBE_S2.txt'); 
P2_EVBE_S3 = dlmread('P2_EVBE_S3.txt'); 
P2_IVBE_S1 = dlmread('P2_IVBE_S1.txt'); 
P2_IVBE_S2 = dlmread('P2_IVBE_S2.txt'); 
P2_IVBE_S3 = dlmread('P2_IVBE_S3.txt'); 
  
  
%% Post Processing 
ReactX = [react(:,1), react(:,2)+react(:,5)+react(:,8)+react(:,11)]; %1st column is time, 2nd 
column is total base shear 
  
%% Plot push-over curve 
figure(); clf; 
plot(disp(:,2), -ReactX(:,2),'LineWidth',2); 
title('Pushover Analysis of Small-Scale SPSW-WC') 
xlabel('Top Lateral Displacement (in.)'); 
ylabel('Base Shear (kips)'); 
  
%% Plot F-deformation for braces 
Fy_calc = (zeros(20,1)+1.62)/(.06*.5); 
  
BD27 = Brace_deform_27(:,1)/15.31; 
BF27 = Brace_axialF_27(:,1)/(.5*.06); 
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figure(); 
subplot(3,2,1); 
plot(BD27, BF27,BD27,Fy_calc,'--','LineWidth',2) 
title('Stress-Strain (Brace - Pier 1, First Story)'); 
xlabel('Strain (in./in.)'); 
ylabel('Stress (ksi)'); 
legend('OpenSees','Fy=54 ksi','Location','SouthEast'); 
ylim([40 55]); 
  
  
BD29 = Brace_deform_29(:,1)/15.31; 
BF29 = Brace_axialF_29(:,1)/(.5*.06); 
subplot(3,2,2); 
plot(BD29, BF29,BD29,Fy_calc,'--','LineWidth',2) 
title('Stress-Strain (Brace - Pier 2, First Story)'); 
xlabel('Strain (in./in.)'); 
ylabel('Stress (ksi)'); 
legend('OpenSees','Fy=54 ksi','Location','SouthEast'); 
ylim([40 55]); 
  
  
BD31 = Brace_deform_31(:,1)/13.45; 
BF31 = Brace_axialF_31(:,1)/(.5*.06); 
subplot(3,2,3); 
plot(BD31, BF31,BD31,Fy_calc,'--','LineWidth',2) 
title('Stress-Strain (Brace - Pier 1, Second Story)'); 
xlabel('Strain (in./in.)'); 
ylabel('Stress (ksi)'); 
legend('OpenSees','Fy=54 ksi','Location','SouthEast'); 
ylim([46 55]); 
  
  
BD33 = Brace_deform_33(:,1)/13.45; 
BF33 = Brace_axialF_33(:,1)/(.5*.06); 
subplot(3,2,4); 
plot(BD33, BF33,BD33,Fy_calc,'--','LineWidth',2) 
title('Stress-Strain (Brace - Pier 2, Second Story)'); 
xlabel('Strain (in./in.)'); 
ylabel('Stress (ksi)'); 
legend('OpenSees','Fy=54 ksi','Location','SouthEast'); 
ylim([46 55]); 
  
  
BD35 = Brace_deform_35(:,1)/12.5; 
BF35 = Brace_axialF_35(:,1)/(.5*.06); 
subplot(3,2,5); 
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plot(BD35, BF35,BD35,Fy_calc,'--','LineWidth',2) 
title('Stress-Strain (Brace - Pier 1, Third Story)'); 
xlabel('Strain (in./in.)'); 
ylabel('Stress (ksi)'); 
legend('OpenSees','Fy=54 ksi','Location','SouthEast'); 
ylim([32 55]); 
  
BD37 = Brace_deform_37(:,1)/12.5; 
BF37 = Brace_axialF_37(:,1)/(.5*.06); 
subplot(3,2,6); 
plot(BD37, BF37,BD37,Fy_calc,'--','LineWidth',2) 
title('Stress-Strain (Brace - Pier 2, Third Story)'); 
xlabel('Strain (in./in.)'); 
ylabel('Stress (ksi)'); 
legend('OpenSees','Fy=54 ksi','Location','SouthEast'); 
ylim([32 55]); 
  
  
%% Plot M-curvature for HBEs 
% First want to plot calculated Mp 
Mp_calc = zeros(20,1)+1.21; 
  
figure(); 
subplot(4,2,1); 
plot(-HBE_curv1L(:,2), HBE_M1L(:,3), -HBE_curv1L(:,2), Mp_calc ,'--','LineWidth',2);  
title('Moment-Curvature, HBE 1, Left'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
legend('OpenSees','Mp','Location','SouthEast'); 
subplot(4,2,2); 
plot(-HBE_curv1R(:,2), -HBE_M1R(:,3),-HBE_curv1R(:,2),Mp_calc,'--', 'LineWidth',2); 
title('Moment-Curvature, HBE 1, Right'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
legend('OpenSees','Mp','Location','SouthEast'); 
subplot(4,2,3); 
plot(-HBE_curv2L(:,2), HBE_M2L(:,3),-HBE_curv2L(:,2),Mp_calc,'--','LineWidth',2); 
title('Moment-Curvature, HBE 2, Left'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
legend('OpenSees','Mp','Location','SouthEast'); 
subplot(4,2,4); 
plot(-HBE_curv2R(:,2), -HBE_M2R(:,3),-HBE_curv2R(:,2),Mp_calc,'--','LineWidth',2); 
title('Moment-Curvature, HBE 2, Right'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
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legend('OpenSees','Mp','Location','SouthEast'); 
subplot(4,2,5); 
plot(-HBE_curv3L(:,2), HBE_M3L(:,3),-HBE_curv3L(:,2),Mp_calc,'--','LineWidth',2); 
title('Moment-Curvature, HBE 3, Left'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
legend('OpenSees','Mp','Location','SouthEast'); 
subplot(4,2,6); 
plot(-HBE_curv3R(:,2), -HBE_M3R(:,3),-HBE_curv3R(:,2),Mp_calc,'--','LineWidth',2); 
title('Moment-Curvature, HBE 3, Right'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
legend('OpenSees','Mp','Location','SouthEast'); 
subplot(4,2,7); 
plot(-HBE_curv4L(:,2), HBE_M4L(:,3),-HBE_curv4L(:,2),Mp_calc,'--','LineWidth',2); 
title('Moment-Curvature, HBE 4, Left'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
legend('OpenSees','Mp','Location','SouthEast'); 
subplot(4,2,8); 
plot(-HBE_curv4R(:,2), -HBE_M4R(:,3),-HBE_curv4R(:,2),Mp_calc,'--','LineWidth',2); 
title('Moment-Curvature, HBE 4, Right'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
legend('OpenSees','Mp','Location','SouthEast'); 
  
%% Plot M-curvature for CBs 
figure(); 
  
subplot(2,2,1); 
plot(CB_curv5L(:,2), CB_M5L(:,3),CB_curv5L(:,2),Mp_calc,'--','LineWidth',2); 
title('Moment-Curvature, CB 5, Left'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
legend('OpenSees','Mp','Location','SouthEast'); 
subplot(2,2,2); 
plot(CB_curv5R(:,2), -CB_M5R(:,3),CB_curv5R(:,2),Mp_calc,'--','LineWidth',2); 
title('Moment-Curvature, CB 5, Right'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
legend('OpenSees','Mp','Location','SouthEast'); 
subplot(2,2,3); 
plot(CB_curv6L(:,2), CB_M6L(:,3),CB_curv6L(:,2),Mp_calc,'--','LineWidth',2); 
title('Moment-Curvature, CB 6, Left'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
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legend('OpenSees','Mp','Location','SouthEast'); 
xlim([0 15e-4]); 
subplot(2,2,4); 
plot(CB_curv6R(:,2), -CB_M6R(:,3),CB_curv6R(:,2),Mp_calc,'--','LineWidth',2); 
title('Moment-Curvature, CB 6, Right'); 
xlabel('Curvature (1/in.)'); 
ylabel('Moment (k-in)'); 
legend('OpenSees','Mp','Location','SouthEast'); 
xlim([0 15e-4]); 
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E.2 Strain Gage Information 
General Location Quick Label Channel Name 
Initial Coordinates 
(Origin at Back Left 
Corner at Base of Pier 1 
EVBE) 
x (in.) y (in.) z (in.) 
Pier 1 
A1 SG_EVBE-OF_F1_A1 0 4.5625 1.1875
A2 SG_EVBE-OF_F1_A2 0 10.875 1 
A4 SG_EVBE-OF_F2_A4 0 16.9375 0.9375
A5 SG_EVBE-OF_F2_A5 0 21.125 1 
A7 SG_EVBE-OF_F3_A7 0 26.3125 0.9375
A8 SG_EVBE-OF_F3_A8 0 30.125 0.9375
B1 SG_EVBE-W_F1_B1 0.5625 4.4375 2 
B2 SG_EVBE-W_F1_B2 0.5 10.875 2 
B4 SG_EVBE-W_F2_B4 0.5 16.8125 2 
B5 SG_EVBE-W_F2_B5 0.625 21.125 2 
B7 SG_EVBE-W_F3_B7 0.4375 26.375 2 
B8 SG_EVBE-W_F3_B8 0.5625 30 2 
C1 SG_EVBE-IF_F1_C1 1 4.4375 1 
C2 SG_EVBE-IF_F1_C2 1 10.5625 1.1875
C4 SG_EVBE-IF_F2_C4 1 16.9375 1 
C5 SG_EVBE-IF_F2_C5 1 21.0625 0.9375
C7 SG_EVBE-IF_F3_C7 1 26.25 1 
C8 SG_EVBE-IF_F3_C8 1 29.9375 0.9375
D3T SG_HBE_F2_D3T 3.125 14.1875 1.25 
D3B SG_HBE_F2_D3B 2.625 13.9375 1.1875
D6T SG_HBE_F3_D6T 2.8125 24.1875 1.0625
D6B SG_HBE_F3_D6B 2.75 23.9375 1.125 
E3T SG_HBE_F2_E3T 7.4375 14.1875 1.1875
E3B SG_HBE_F2_E3B 7.3125 13.9375 1.1875
E6T SG_HBE_F3_E6T 7.1875 24.1875 1.0625
E6B SG_HBE_F3_E6B 7.25 23.875 1.125 
F1 SG_IVBE-IF_F1_F1 9 4.375 0.9375
F2 SG_IVBE-IF_F1_F2 9 10.75 0.875 
F4 SG_IVBE-IF_F2_F4 9 16.8125 0.875 
F5 SG_IVBE-IF_F2_F5 9 21.0625 1.0625
F7 SG_IVBE-IF_F3_F7 9 26.1875 0.875 
F8 SG_IVBE-IF_F3_F8 9 30 0.9375
G1 SG_IVBE-W_F1_G1 9.5625 4.4375 2 
G2 SG_IVBE-W_F1_G2 9.5625 10.875 2 
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General Location Quick Label Channel Name 
Initial Coordinates 
(Origin at Back Left 
Corner at Base of Pier 1 
EVBE) 
x (in.) y (in.) z (in.) 
Pier 1 
G4 SG_IVBE-W_F2_G4 9.5625 17.125 2 
G5 SG_IVBE-W_F2_G5 9.5 21.125 2 
G7 SG_IVBE-W_F3_G7 9.5 26.375 2 
G8 SG_IVBE-W_F3_G8 9.4375 29.9375 2 
H1 SG_IVBE-OF_F1_H1 10 4.5625 1.0625
H2 SG_IVBE-OF_F1_H2 10 10.875 1.0625
H4 SG_IVBE-OF_F2_H4 10 16.625 1.0625
H5 SG_IVBE-OF_F2_H5 10 21.125 0.9375
H7 SG_IVBE-OF_F3_H7 10 26.375 1.0625
H8 SG_IVBE-OF_F3_H8 10 29.5625 1.125 
Coupling Beams 
I3T SG_CB_F2_I3T 11.375 14.1875 1.1875
I3B SG_CB_F2_I3B 11.5 13.9375 1.0625
I6T SG_CB_F3_I6T 11.4375 24.1875 1.0625
I6B SG_CB_F3_I6B 11.5 23.9375 1.0625
J3T SG_CB_F2_J3T 14 14.1875 1.0625
J3B SG_CB_F2_J3B 14.125 13.9375 1 
J6T SG_CB_F3_J6T 14 24.1875 1.0625
J6B SG_CB_F3_J6B 14.0625 23.9375 1.0625
Pier 2 
K3T SG_HBE_F2_K3T 18.1875 14.1875 1 
K3B SG_HBE_F2_K3B 18.375 13.9375 1 
K6T SG_HBE_F3_K6T 18.25 24.1875 1 
K6B SG_HBE_F3_K6B 18.3125 23.875 1.125 
L3T SG_HBE_F2_L3T 22.8125 14.1875 1 
L3B SG_HBE_F2_L3B 22.6875 13.9375 1.1875
L6T SG_HBE_F3_L6T 22.6875 24.1875 1 
L6B SG_HBE_F3_L6B 22.6875 23.9375 1.0625
Effective Braces - 
Pier 1 
MF SG_DB_F1_MF 5.375 8.125 2 
MB SG_DB_F1_MB 5.125 7.625 0 
NF SG_DB_F2_NF 5.4375 19.625 2 
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General Location Quick Label Channel Name 
Initial Coordinates 
(Origin at Back Left 
Corner at Base of Pier 1 
EVBE) 
x (in.) y (in.) z (in.) 
Effective Braces - 
Pier 1 
NB SG_DB_F2_NB 5 19.0625 0 
OF SG_DB_F3_OF 5.25 28.625 2 
OB SG_DB_F3_OB 5 28.4375 0 
Effective Braces - 
Pier 2 
PF SG_DB_F1_PF 20.8125 7.9375 2 
PB SG_DB_F1_PB 20.5 7.875 0 
QF SG_DB_F2_QF 20.6875 19.25 2 
QB SG_DB_F2_QB 20.3125 19.3125 0 
RF SG_DB_F3_RF 20.6875 28.625 2 
RB SG_DB_F3_RB 20.4375 28.4375 0 
 
 
 
 
 
